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The need for sustainable energy use has motivated the exploration of renewable 
alternative fuels and fuel conversion technology on a global scale. Fuel cells, which 
convert chemical energy directly into electrical energy with high efficiency and low 
emissions, provide a promising strategy for achieving energy sustainability. The current 
progress in fuel cell commercialization is mainly in portable and stationary applications, 
but fuel cell technology for transportation applications, which make up a substantial 
portion of the global energy market, have seen little commercial success. Proton 
exchange membrane fuel cells (PEMFCs) have high potential for addressing the future 
energy needs of the transportation energy sector. However, one of the prevailing 
limitations of the PEMFC is the availability of high-performance, cost-effective electrolyte 
materials. These materials may be realized in the near future by developing multi-
functional polymer blends targeted at specific performance capabilities. Since the 
number of available polymer combinations and numerous processing variations provide 
an almost infinite source of PEMFC membrane candidates, efficient methods of 
discovering high-performance PEM materials are necessary. Combinatorial methods 
meet these needs using gradient or discrete techniques to capture process variations 
such as annealing temperature, thickness, and chemical composition into a single 
polymer sample that serves as a library of materials. To characterize these 
heterogeneous samples for fuel cell performance, specific high-throughput measurement 
techniques are necessary. In this work, a high-throughput mass transport assay (HT-
MTA) has been developed to characterize water flux and permeability at multiple sample 
locations in parallel. The functionality of HT-MTA was evaluated using standard Nafion® 
films and a model semi-interpenetrated polymer network with commercial polyvinylidine 
xix 
fluoride as the host matrix for a proprietary polyelectrolyte supplied by Arkema, Inc. 
Although mass transport values were generally lower than reported literature values, 
pervaporation experiments showed that HT-MTA could be used to effectively screen and 
optimize relative water transport characteristics in PEMs. To further demonstrate the 
utility of HT-MTA, the instrument was incorporated into the lab’s current high-throughput 
characterization toolset and used to investigate the mechanisms and effects of rapid free 
radical degradation of Nafion® membranes based on various concentrations of H2O2 and 
Fe2+. The results showed that changes in Nafion’s® mechanical, conductive, and water 
transport properties were strong functions of H2O2, and that maximal degradation could 
be achieved around 50 ppm Fe2+. Furthermore, by including chemical composition 
analysis techniques in the characterization toolset, the dominating free radical 
degradation pathways could be deduced. These results are promising for later 
correlating rapidly aged degradation experiments to in situ fuel cell lifetime testing which 
is both time-intensive and costly.  
The high-throughput toolset was also used to develop a novel optimized blend 
consisting of polyetherimide (PEI), a low-cost high performance resin, and sulfonated 
PEI (S-PEI) made using a relatively mild post sulfonation reaction with trimethylsilyl 
chlorosulfonate. The effects of blend composition and thermal annealing on film 
performance were evaluated and the polymer system was shown to have optimal 
mechanical and ion-conducting properties between 20 – 30 wt% S-PEI in the 
unannealed state. Although the properties of the proposed PEI-based polymer system 
were below PEMFC performance standards, a PEI film with superior mechanical 
properties was discovered and should prove to be useful in other applications. In 
general, this work shows promising results for efficiently developing advanced polymer 
materials using high-throughput screening techniques.
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 The engineering discipline is defined by its use of basic science and fundamental 
understanding to solve practical problems and generate socially aware innovation. The 
work described in this dissertation remains true to this concept, and so it is essential for 
the reader to grasp the context of the problems being addressed. Chapter 1 highlights 
the driving forces that motivate the development of high-performance polymer 
membranes for utilization in fuel cells. Starting with the broadest global challenges, this 
chapter discusses the growing energy demands and the diminishing supply of 
conventional fossil fuels which intensify the effects of global warming. To achieve energy 
sustainability and mitigate anthropogenic climate change, a shift from fossil fuels to 
renewable alternative energy resources with reduced emissions is critical. However, the 
most abundant natural alternatives have had very limited application and have yet to 
make significant impacts in the global energy market. To efficiently harness alternative 
energy for broader applications with significantly reduced environmental impacts, a 
broad range of fuel cell technologies can be implemented. Each type of fuel cell 
possesses specific advantages and limitations which make it a suitable power source for 
certain energy sectors. This chapter reviews the common types of fuel cells and their 
operating principles, but will focus specifically on the proton exchange membrane fuel 
cell (PEMFC), which has high potential to address the future energy needs of the 
transportation energy sector. One of the prevailing limitations of the PEMFC is the 
availability of high-performance, cost-effective electrolyte materials. These materials 
may be realized in the near future by developing multi-functional polymer blends 
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targeted at specific performance capabilities. However, the number of available polymer 
combinations and numerous processing variations provide an almost infinite source of 
PEMFC membrane candidates, such that efficient methods of discovering high-
performance polymer systems are necessary. This chapter will explain how such needs 
can be supported using combinatorial synthesis and high-throughput screening, for 
which a high-throughput water transport characterization tool has been developed in this 
work. The importance of water management in PEMFCs will be discussed, and the 
functionality of the new measurement method will be presented in subsequent chapters. 
 
1.1.  ENERGY SUSTAINABILITY 
Sustainable living and development is necessary to meeting the needs of today 
without comprising the ability of future generations to do the same. Energy sustainability 
in particular can be achieved by balancing the availability of energy resources with 
energy consumption. However, a stabilized energy supply alone is not enough for 
sustainable growth and must be complemented with environmentally sound energy 
acquisition and usage to assure future socioeconomic stability. This section identifies 
prospects of achieving global sustainability by examining each of these key components. 
As will be shown, the current and projected trends in energy consumption, conventional 
resource availability, and climate shifts demand urgent implantation of low-emitting, 
renewable alternatives to fossil fuels. While the focus here is on worldwide sustainability, 
much attention is directed at the US, whose substantial energy use has led to dilemmas 
whose solutions can serve as a model for current developing countries. 
1.1.1. Energy Consumption 
The Industrial Revolution of the 18th century marked the transition to machine-
based economies and the emergence of factories for mass production, which in turn 
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ignited a growth in global energy consumption that persists today. As the world’s 
currently developing nations carry forth this industrial movement with expanding 
economies and growing populations, the global demand for energy will continue its 
upward trend well into the future. The Energy Information Administration (EIA) has used 
historical energy trends and anticipated industrial activity in forecasting a 50 % increase 
in energy usage between 2005 and 2030, as shown in Figure 1-1 [1]. Industrialization 
remains to be a key component to this projection, with an 80 % projected increase within 
developing countries alone, while the high-income countries which form the Organization 
for Economic Co-operation and Development (OECD) are only projected to grow in 
energy use by 20 % (see Figure 1-2). Still, the US historically and currently accounts for 
approximately 25 % of the total energy consumed in the world, but only has less than 
5 % of the world population. Therefore, while it is necessary to address the stabilization 
of global energy consumption among developing countries, it is just as important to 









Figure 1-1: Historical and projected total world energy consumption, 1980-2030 (adapted 



































Figure 1-2: Historical and projected world energy consumption by membership to the 

























Energy consumption takes place within four economic sectors: commercial, 
residential, industrial, and transportation. Both commercial and residential energy are 
used for heating, cooling, lighting, and the operation of appliances. The industrial sector 
includes energy required to operate any industrial process, which is dominated by the 
refining of petroleum and the manufacturing steel, aluminum, paper, chemicals, and 
cement. Transportation energy is used to power automobiles, commercial trucks, planes, 
railroads, and mass transit. In the US, industrial energy consumption consistently 
dominates all other sectors, followed by transportation, residential, and then commercial 







Figure 1-3: US energy consumption by sector, 1975-2008 (source: EIA, Monthly Energy 

























1.1.2. Fossil Fuels 
Each economic sector requires a combination of fuel sources to meet its energy 
needs. These resources come from fossil fuels, nuclear fission, and renewables which 
consist of wind, biomass, water flow, geothermal energy, and solar radiation. The most 
widely tapped energy source by far is fossil fuel in the form of petroleum, coal, and 
natural gas. Fossil fuels are refined for direct use as primary energy, and also used 
indirectly as secondary energy through the generation of electricity. In the US, 
approximately 70 % of electricity comes from fossil fuels, of which approximately 70 % is 
coal [2]. However fossil fuels have numerous drawbacks that require an urgent transition 
to alternative energy sources. 
1.1.2.1. Foreign Dependence 
Dating as far back as the 1980’s, fossil fuels have been used to meet 
approximately 85 % of the total energy needs both globally and within the US [1, 3]. 
However, as shown in Figure 1-4, the US consumption of fossil fuel energy exceeds its 
production capacity, resulting in a growing dependence on foreign fossil fuel imports, 
especially petroleum. The impact of such foreign dependence was felt both nationally 
and globally in the mid-1970’s as a result of the Oil Embargo imposed by the 
Organization of Petroleum Exporting Countries (OPEC). When OPEC significantly cut 
back on its exportation of oil to numerous nations, the price of oil experienced a dramatic 
increase of 330 %. The national effects were devastating, marked by a major trade 
deficit, high inflation, and a 240 % increase in gas prices by 1980 [4], while in many 
other nations, mass economic recessions arose. With the current US production of 
petroleum making up only less than 40 % of petroleum needed for its transportation 
sector [2], it is clear that there is an urgent need for energy independence to prevent the 







Figure 1-4: US production, consumption, and net imports of petroleum, 1950-2007 (source: 






































1.1.2.2. Natural Abundance 
Foreign control of fossil fuel is just one of many limitations that restrict its 
sustainable use. Fossil fuels are also naturally limited in capacity since they are derived 
from millions of years of heat and compression. The finite supply of fossil fuels implies 
that at some point in time, reserves will be depleted beyond feasible recovery, and there 
is much dispute as to when this will occur. In 1956, Marion K. Hubert, American 
geophysicist, proposed that for a given geographical oil-producing area, the rate of 
petroleum production is determined by the rate of new well recovery. Therefore, 
according to Hubert, the production rate follows a bell-shaped trend that peaks at 
maximum extraction and then enters a terminal decline when new wells no longer being 
recovered. Hubert used his Peak Theory to accurately predict that the US would reach 
maximum oil production in 1970, as shown in Figure 1-4. The world as a whole, 
however, has yet to reach a peak production rates as Hubert’s Theory might suggest. 
According to the predictions made by the EIA, global fossil fuel production will 
continuously increase at a rate of 235 million barrels per year through 2030 [3]. Other 
institutions have made predictions that more directly diverge from the Peak Theory, 
claiming it to be over simplistic when applied at the global scale. The Cambridge Energy 
Research Association (CERA), a global energy consulting company, suggests that the 
theory fails to account for resource growth, advances in technology, geopolitics, and 
basic commercial factors [5]. They propose an undulating plateau in petroleum 
production after 2030, followed by a slow decline, as shown in Figure 1-5. However, the 
increasing petroleum projections from CERA include significant growth in non-
conventional crude oil usage, which are extracted using techniques other than the 
traditional oil well method. The use of these supplemental fossil fuels is less efficient 
than that of convention oil, with a much lower ratio of energy output to input. When also 
considering the environmental drawbacks of non-conventional oil, which will be 
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presented in the next section, long-term and widespread exploitation of these fuels are 
highly likely to have significantly adverse affects on humanity. Overall, continuing with 
“business as usual” fossil fuel practices, from both conventional and non-conventional 
sources, will hinder the world’s capability to live sustainably, and will ultimately lead to 
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Fossil fuels must be burned to obtain useable energy. The combustion process, 
however, also generates a host of side products: carbon dioxide, nitrogen oxides, sulfur 
dioxide, volatile organic compounds, particulate matter, and heavy metals. Each of these 
chemicals, once released into atmosphere, can severely impact human health, wildlife, 
and even global climate stability. Nitrogen and sulfur oxides, upon mixing with water 
vapor in air, form acidic compounds that create acid rain, causing structural damage, 
contaminating soil, and harming aquatic wildlife. The release of particulate matter, which 
consists of unburned hydrocarbons and hazardous metals, has adverse effects on the 
human respiratory system and has been cited for aggravating asthma, chronic 
bronchitis, airway obstruction, and blood-gas exchange [6]. In addition, volatile organics 
as well as nitrogen oxides released during combustion react with air to form ground level 
ozone, also known as smog, that along with human respiratory complications, has been 
associated with reduced agricultural yields through photosynthesis inhibition [7]. 
While not as toxic as many of the other fossil fuels emissions, carbon dioxide 
also receives worldwide attention for its impact on the environment. Along with ozone, 
methane, water vapor, and nitrous oxide, CO2 is classified as a greenhouse gas (GHG). 
Through the greenhouse effect, GHGs absorb the sun’s infrared radiation reflected from 
the earth’s surface and trap it as heat in the atmosphere. While the long term effects 
may still be under heavy debate, it is generally acknowledged that human activity, 
especially the growing usage of fossil fuels, has enhanced global warming through the 
greenhouse effect. Over the past century, this additional heat has increased the earth’s 
average near-surface air temperature by approximately 1 °C, and is expected to 
increase the surface temperature by an additional 1-6 °C within the next century [8]. 
Although this temperature change may seem minute, it has already been attributed to 
observed glacial retreat and rising sea levels around the world. The effects are expected 
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to propagate in the long term, leading to changed precipitation patterns and possibly 
more frequent and intense weather events. Other plausible effects include the expansion 
of subtropical deserts, forest shrinkage, and species extinctions. While some countries 
may be able to adapt to these warming-induced changes, others will be at high risk of 
severe devastation that will ultimately affect the global economy. As a part of the world’s 
strategies to mitigate the impacts from excessive global warming, fossil fuels usage must 
be reduced.  
1.1.2.4. Extraction and Transportation 
The harmful environmental impacts of from fossil fuels are not only from their 
use, but also from their extraction. Since fossil fuels are found deep in the ground, they 
must be drilled and mined from the earth, and then transported for end use. Such 
practices have caused a variety of environmental problems in the form of landscape 
subsidence, surface and ground water contamination, habitat damage, and the release 
of gaseous residues [9]. One of the more visible fossil fuel hazards, however, is the 
potential for transportation spills and production site explosions. The extent of the 
possible damage has been demonstrated by the Exxon Valdez spill of 1989, but even 
more recently by spills off the coasts of Louisiana, Beirut, and the Philippines in 2006; 
South Korea and Russia in 2007; Louisiana again in 2008; and most recently, Australia 
in March 2009. The resulting pollution from these accidents can last up to decades, and 
cleanup is often very costly. It is clear the world’s massive addiction to fossil fuels, while 
convenient for today’s generations, will serve as a substantial burden for future 
generations to endure. As a part of the world’s strategies to reduce the potential 
disastrous effects of fossil fuel extraction and transportation, their consumption will need 
to be significantly reduced, while policy and technology allow energy alternatives to 
become mainstream. 
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1.1.3. Alternative Energy Resources 
Nuclear and renewable resources provide an alternative means to meeting global 
energy needs with the potential of avoiding the issues related to fossil fuels. Figure 1-6 
illustrates how these alternatives compare with fossil fuel usage in the US. Global 
percentages follow a similar relationship, with non-fossil alternatives making up 15 % of 
the total usage. Each of these alternative resources has the benefit of infinite or near-
infinite abundance with significantly reduced emissions, but has yet to be used to its full 














1.1.3.1. Energy Storage, Transmission, and Conversion 
The storage and transmission capabilities of any energy resource, whether 
renewable or non-renewable, are vital to its utility in any of the four energy sectors. Such 
capabilities are necessary to addressing fluctuations in energy demand, intermittent 
resource availability, wasted energy recovery, and geographical distribution limitations 
[11]. The mainstream success of fossil fuels and biomass energy has been attributed to 
their ability to satisfy these criteria. As primary energy sources, fossil fuels and biomass 
can be transported via pipeline or freight. For energy conversion, these fuels can be 
combusted at multiple scales, making fossil fuels and biomass suitable for mobile, 
commercial, residential, and industrial applications.  
As an alternative to combustion, biomass and fossil fuels, as well as every other 
energy resource can be converted to electricity, a widely used energy carrier. While its 
generation is less efficient than direct combustion and applications are presently limited 
in the transportation sector, electricity can be dispatched over relatively long distances at 
costs that are much lower than freight transportation. Electricity is also much easier to 
use than the resources from which it is derived. However electrical energy cannot easily 
be stored in quantities large enough to meet energy demands on a global or national 
scale, and must be produced as needed at all times. Conventional fossil fuel and nuclear 
power plants overcome this obstacle by continuously delivering baseload power with 
additional turbine technology that operates according to daily and seasonal peaks and 
disturbances [16]. For the storage of renewable resources, geothermal energy is 
naturally held beneath the earth’s crust until needed, while hydroelectric plants meter the 
conversion of flowing water accumulated in dams to address fluctuating electricity 
demands. Unfortunately, other emerging and infinitely abundant renewable sources, i.e. 
wind and solar electricity can not be delivered in the same capacity due their frequent, 
often unpredictable variations in availability.  
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To better utilize intermittent renewable sources such as wind and solar radiation 
for a much broader range of applications, they can be used indirectly to produce 
synthetic, yet environmentally benign fuels that are storable, transportable, and 
efficiently converted to end-use power. These synthetic fuels can then serve as 
alternative energy carriers to fossil fuels and electricity. Hydrogen is an ideal synthetic 
fuel because it is the most abundant element on the planet, has potential to produce 
zero emissions during energy conversion, and has the highest energy content of any 
common fuel by weight. Hydrogen can be produced by steam reforming of hydrocarbons 
or electrolysis of water. Steam reforming is currently used to for 95% of the hydrogen 
produced in the US, most of which is used for petroleum refining and ammonia 
production for fertilizer. In addition to hydrocarbons, reforming requires water and energy 
to convert organic compounds into hydrogen and carbon dioxide. If the energy input is 
derived from fossil fuels or biomass, the overall synthesis of hydrogen from reforming 
can be highly emissions-intensive. Water electrolysis, on the other hand, produces no 
carbon dioxide in the dissociation of water into hydrogen and oxygen gas. Therefore, if 
the energy input into a water hydrolysis reactor is provided by from non-emitting 
resources such as wind and solar-derived electricity, then the indirect conversion of 
these renewable resources into hydrogen fuel is essentially emissions-free. This method 
for fuel synthesis is essential to realizing a sustainable hydrogen economy in the long-
term future while making better use of infinitely abundant natural energy resources.  
To convert hydrogen into useable energy, it can be combusted in same fashion 
as fossil fuels or biomass. However, the energy generated through hydrogen combustion 
makes the fuel extremely inefficient when compared to energy input used to produce it. 
Therefore, in order to efficiently use alternative fuels made from renewable resources, 
alternatives methods for combustion are necessary. Fuel cell technology, as described 
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in the following section, offers a highly promising alternative to conventional fuel 
combustion. 
 
1.2. FUEL CELLS  
The prospects of producing hydrogen and other energy carrying alternatives from 
renewable energy are large. However specific technology is required to efficiently 
convert these fuels into energy. Combustion is feasible but highly inefficient when 
considering the energy requirements for producing synthetic fuels from renewable 
resources. An alternative strategy is to generate electrical energy from the chemical 
energy stored within these fuels using fuel cells to is to carry out an “electrochemical 
combustion” [11]. In a typical combustion, the fuel and oxidant mix and react directly. In 
a fuel cell, however, the fuel and oxidant are reacted in separate regions connected by 
two conduits for charged particles to exchange. One of these conduits is the electrode 
located in fuel and oxidant regions of the fuel cell. At the fuel side, where oxidation takes 
place and electrons are released, this electrode is called the anode. The electrode on 
the oxidant side, where reduction takes place and electrons are accepted is called the 
cathode. Both electrochemical reactions are catalytically driven at temperatures which 
determine the overall fuel cell operating conditions. During operation, electrons flow from 
the anode to the cathode through an external circuit to deliver electricity. The second 
conduit for charged particle transport is the electrolyte, which physically separates the 
fuel from the oxidant. The electrolyte can be a solution, solid polymer, or ceramic which 
permits the transfer of charged particles that are much larger than electrons, such as H+, 
OH-, or O2-. A fuel cell is characterized by the type of electrolyte it employs, which also 
dictates the oxidation and reduction mechanisms taking place at the electrodes. A 
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general fuel cell assembly is illustrated in Figure 1-7, and the five common types of fuel 


























H2 → 2H+ + 2e-  H+ ½O2 + 2H+     
+ 2e- → H2O 
150–200 °C 37–42 % 
AFC Aqueous 
base 
H2 + 2OH- → 
2H2O + 2e- 
OH- ½O2 + H2O      
+ 2e- → 2OH- 
80–200 °C >60 % 
MCFC Molten metal 
carbonate 
H2 + CO32- → 
H2O + CO2 + 2e- 
CO32- ½O2 + CO2      
+ 2e- → CO32- 
600–700 °C 50–60 % 
SOFC Solid ceramic 
oxide 
H2 + O2- →  H2O 
+ 2e- 
O2- ½O2 + 2e- → 
O2- 
600–1000 °C 50–60 % 
PEMFC Solid polymer H2 → 2H+ + 2e- H+ ½O2 + 2H+     
+ 2e- → H2O 























1.2.1. Phosphoric Acid Fuel Cells (PAFCs) 
Phosphoric acid fuel cells use liquid phosphoric acid retained in a silicon carbide 
matrix as the electrolyte, along with porous carbon electrodes containing a platinum 
catalyst. They were developed in the mid-1960s, field-tested since the 1970s, and are 
the first fuel cells to be commercialized [12]. PAFCs are typically used in stationary 
applications for distributed generation, with limited application in large ground 
transportation [13, 14]. The lower and upper limits of the operation temperature are 
necessary to maintain the ionic conductivity and stability of the electrolyte, respectively. 
Overall, the high operating temperatures give PAFCs significantly more catalytic 
tolerance to impurities that may accompany hydrogen or hydrocarbon fuel sources, such 
as carbon monoxide, carbon dioxide, or sulfur. When generating only electricity, PAFCs 
can operate at approximately 40 % efficiency. However, PAFC operating temperatures 
are also ideal for cogenerating electricity and heat for hot water or steam applications, in 
which case the efficiency is approximately 85 %. For a given weight and volume, PAFCs 
generate less power than other fuel cells. While the operating costs have been driven 
down over years of development, platinum catalyst costs have always been a significant 
disadvantage [15].  
1.2.2. Alkaline Fuel Cells (AFCs) 
The alkaline fuel cell is also a part of first generation of fuel cells, developed in 
the 1960s for use in the US space program. The electrolyte is a solution of aqueous 
potassium hydroxide within porous stabilized matrix. The base concentration can be 
varied, and in turn, allows for the very broad range of operating temperatures. While the 
electrical conversion efficiency is the highest of the common types of fuel cells, AFC 
efficiencies can be improved further with cogeneration depending on the operating 
temperature. The electrode chemistry also allows for a variety non-precious metals to be 
used as catalysts, making this type of fuel cell the cheapest to manufacture. With 
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potentially low operating temperatures and fast reaction kinetics, AFCs are ideal for 
quick starting applications. The major disadvantage to ACFs is their high susceptibility to 
contamination, especially trace carbon dioxide which can severely degrade fuel cell 
performance by rapidly reacting with the electrolyte. Therefore, AFCs have been limited 
to closed-environment applications, such as space and undersea vehicles, and must be 
run on pure hydrogen and oxygen [16]. If operated within atmospheric conditions, a 
purification system is required, which can add significant costs to operation. Also, the 
corrosive nature of the electrolyte significantly limits the lifetime of the fuel cell to 
approximately 8,000 h, whereas specifications for commercial, large-scale power 
generation AFCs are set at 40,000 h [21].  
1.2.3. Molten Carbonate Fuel Cells (MCFC) 
The electrolyte in a molten carbonate fuel cell is usually a combination of alkali 
carbonates, such as sodium carbonate and lithium carbonate, or potassium carbonate. 
These mixtures are retained in a ceramic matrix and require the high operating 
temperatures to remain in the molten phase where high ionic mobility can be achieved. 
High operating temperatures give the MCFC the ability to function with cheaper catalysts 
and stainless steel electrodes, as well as the flexibility to reform fossil fuel internally to 
for the indirect production of hydrogen. Along with hydrocarbons, MCFCs can also use 
carbon oxides, either atmospheric or diverted from internal reforming, as fuel at the 
cathode. Excess heat given off during MCFC operation can be used for cogeneration, 
potentially improving the fuel cell’s efficiency to 85 %. High temperatures unfortunately 
have the disadvantage of accelerating component corrosion and reducing fuel cell 
durability. These temperatures also prevent quick startup and fast response to power 
demands, which is necessary for transportation applications [16]. Instead, MCFCs are 
most suitable for large-scale, stationary power generation applications. However, until 
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materials resistances can be resolved for better durability, the costs of replacing the 
MCFCs will limit global commercialization. 
1.2.4. Solid Oxide Fuel Cells (SOFCs) 
The solid oxide fuel cell uses a solid nonporous metal oxides as its electrolyte, 
typically composed of yttria or zirconia, which are excellent conductors of negatively 
charged ions at high temperatures. Operating at the highest temperatures of all the 
common fuel cells, the SOFC shares many properties with the MCFC. In addition to 
carbon monoxide and carbon dioxide tolerance, SOFCs are also more resistant to sulfur, 
making them better suited for fossil fuels that can be internally reformed into hydrogen. 
Also, corrosion-induced fuel cell degradation is reduced in SOFCs since the electrolyte 
is solid. However, material stability at such high temperatures significantly impacts the 
fuel cell’s lifetime and operation costs. Still, since cheaper catalysts and electrodes can 
be used, and high efficiencies can be achieved through cogeneration, SOFCs, like 
MCFCs, are being considered for a variety of stationary heat and power applications in 
the residential, commercial, and industrial energy markets. 
1.2.5. Proton Exchange Membrane Fuel Cells (PEMFCs) 
The target applications for this research project are aimed at proton exchange 
membrane fuel cells, which incorporate an ion-conductive polymer electrolyte and have 
the most potential for bringing renewable hydrogen to the transportation sector. Among 
the collection of fuel cells, the PEMFC is considered most attractive for its low operating 
temperature, CO2 tolerance, high power density, and potential for cost-effective 
performance [17]. These factors make the PEMFC a highly versatile power source, not 
only fit for transportation power, but also suitable for stationary and portable applications. 
As with the SOFC, the use of a solid electrolyte in the PEMFC allows for a rugged, 
simplistic design without the additional cost of special materials to handle high 
temperatures or corrosive liquid electrolytes. Operating at a low temperature allows for 
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quick startup, rapid changes in power output, and better fuel cell lifetimes, but it also has 
disadvantages. Since cogeneration is practically ineffective in PEMFCs, the efficiencies 
remain low relative to .most of the other fuel cells. These temperatures are also 
insufficient for internal reformation, so fossil fuel flexibility can only be achieved through 
expensive external conversion technology. In order to maintain the low-temperature 
reaction kinetics at each electrode, precious metal catalysts such as platinum are 
required. The additional cost of using platinum is accompanied by its extreme sensitivity 
to CO poisoning, requiring additional equipment to remove the impurity if hydrogen is 
indirectly derived from fossil fuels.  
The cost concerns associated with PEMFC catalysts have been recently 
addressed by increasing catalyst efficiency using techniques such as sputtering, 
electrodeposition [18], and catalyst impregnation with polymer electrolyte solution to 
increase the active surface area [19-21]. With advances such as these, catalyst costs 
are predicted to become insignificant in the near future, accounting for less than 15 % of 
the total cost for a commercially available PEFC [22]. While carbon monoxide poisoning 
is not an issue for renewable hydrogen fuels generated through electrolysis, the 
transition to a hydrogen-dominated transportation system will require flexible automotive 
power sources capable of handling both renewable hydrogen and hydrogen derived from 
externally reformed fossil fuels. Recent research has investigated the use of ruthenium-
platinum core-shell nanoparticles to selectively oxidize carbon monoxide to form carbon 
dioxide prior to entering the fuel cell. The additional fuel processing increases the cost 
PEMFC operation, but could potentially offset by increased fuel cell lifetime. 
The more critical limitation of the PEMFC is the electrolyte material that is 
subjected to highly acidic conditions and frequent temperature cycling from operation 
and shut-off periods. Under such conditions, DuPont’s Nafion®, a fluorinated sulfonic 
acid polymer which is considered one of the most successful commercial PEM products 
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currently available, displays significant degradation at less than 1,000 h and costs 
around $65 /kW. This performance, while superior to the other types of fuel cells, is far 
from sufficient in meeting transportation targets set by the Department of Energy, aiming 
to have commercial membrane durability greater than 5000 h and cost per unit power 
less than $10 /kW [23]. In order to close this critical gap in PEM technology and provide 
a market for renewable hydrogen in the transportation energy sector, low cost polymer 
systems with significantly improved performance must be developed for PEMFCs. The 
following section describes a rapid, low-cost approach to discovering these materials 
that could make the commercialization of PEMFC technology practical in the near future. 
 
1.3. COMBINATORIAL METHODS FOR POLYMER DISCOVERY 
The properties of any functional material are the result of many complex 
molecular interactions that are highly sensitive to chemical composition and processing. 
Unfortunately, many challenges still remain in predicting these interactions and the 
resulting material properties [24, 25]. Consequently, the discovery and optimization of 
many materials involves trial-and-error experiments, which can be extremely time-
consuming and overwhelming when considering an essentially infinite combination of 
variables [25]. To accelerate this process in a systematic manner, the use of 
combinatorial libraries, i.e., samples with controlled arrays of chemical and/or processing 
variations can be fabricated and screened for structure-property relationships [25, 26]. 
Combinatorial methods have been very successful in the pharmaceutical industry for 
drug discovery, and have since been applied in discovering high performance catalysts, 
inorganic materials, and polymers [27, 28]. Each of these applications requires its own 
unique set of library synthesis techniques in addition to specific high-throughput 
screening methods based on properties of interest. Conventional instrumentation is 
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typically ill-suited for either of these tasks, and for that reason, a number of novel library 
fabrication and high-throughput screening techniques have been developed for 
discovering and optimizing materials. To address the limitations of the PEMFC, this 
section will focus primarily on combinatorial technology as it applies to developing high-
performance polymer membranes. 
1.3.1. Library Synthesis and Processing 
Regardless of the type of material, combinatorial libraries can be broadly 
categorized as discrete or continuous. Discrete libraries involve spatially resolved 
synthesis variations that result in one-dimensional or two-dimensional arrays [29]. For 
efficiency and quality control, discrete libraries are often manipulated using special 
robotics for chemical deposition and treatment. Continuous libraries, on the other hand, 
often take make use of less complex fabrication equipment, since variations are 
captured with continuous chemical or processing gradients. Instead, gradient synthesis 
typically incorporates moving stages or variable exposure devices that are particularly 
well-suited for the field of polymer chemistry.  
Continuous combinatorial polymer library fabrication has seen significant 
developments in recent years. Meredith, Smith, et al. have reported the use of a 
variable-velocity knife-edge coating instrument to produce polystyrene films with 
thickness gradients to study effects on dewetting [30]. In the same study, these 
researchers also reported thermomechanical effects on polystyrene dewetting by 
applying linear annealing temperature gradients over films mounted on an aluminum 
stage attached to a heat source and heat sink. Gradients in polymer blend composition 
have also been recently developed. By varying blend ratio of copolymer solution using 
two syringe pumps while simultaneously withdrawing the solution gradient into a third 
syringe, Meredith, Karim, et al. were able to produce linear variable composition films by 
depositing a stripe of the gradient solution onto a substrate to be casted orthogonally 
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using the knife-edge flow coater mentioned previously [28]. An alternative approach has 
been taken by Meredith, Zapata, and Basak [31], which makes use of a microchannel 
coating blade with an inlet for multiple polymer solutions to be pumped at variable rates 
through a small, high-shear mixing chamber. The microchannel outlets dispense the 
well-mixed polymer solution directly onto a substrate mounted on a moving stage to 
produce the composition gradient film. Figure 1-8 illustrates each these techniques, as 
they are currently used in our lab. There are also many other methods for producing 
continuous gradients, with controlled variations of properties such as polymer grafting 
density, cross-linking density, and surface chemistry through controlled exposure to ultra 
violet light, plasmas, chemical vapor chambers, and reactant solutions, among other 
chemical environments. These techniques have been recently and extensively reviewed 




Figure 1-8: Continuous combinatorial library fabrication techniques. (a) Motion stage and 
knife-edge flow coater for thickness gradients, G is the height of the blade above the 
substrate, H is the thickness of the wet film, and h is the dry film thickness [35]. (b) 
Annealing stage with a heat source and heat sink for temperature gradients. (c) Syringe 
deposition and (d) microchannel extrusion for composition gradients [31].  
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1.3.2. High-Throughput Characterization 
Once combinatorial libraries have been fabricated, it is then necessary to rapidly 
screen the heterogeneous samples for properties of interest. Although detailed 
characterization may require bulk samples, quick measurements of a few key properties 
within a combinatorial sample is crucial for discovering structure-property relationships 
that direct further study [25]. Since a single library can contain millions of different 
chemical and processing combinations, it is also necessary that quick screening 
techniques be capable of systematically measuring specific sample locations. Therefore, 
efficient combinatorial screening must be carried out with high-throughput techniques 
that provide for parallel or rapid sequential characterization of heterogeneous samples. 
Although high-throughput characterization technology is highly developed for 
combinatorial drug and catalysis screening, there are only a few examples where the 
concept has been applied to polymer libraries [27]. In order to use combinatorial 
methods for identifying novel fuel cell polymers, high-throughput characterization 
techniques need to be developed to measure those polymer properties that are key for 
high fuel cell performance. 
1.3.2.1. Proton Conductivity and Mechanical Strength 
In selecting high performing polymers for PEMFC applications, the properties 
most often investigated are proton conductivity and mechanical strength [36, 37]. Proton 
conductive membranes are required to maintain ion separation which provides efficient 
electron conduction and water formation at the cathode. Insufficient conductivity results 
in a drastic reduction of power density, requiring additional material to compensate the 
loss. The compensation, in turn, increases the cost per unit power. Currently, membrane 
proton conductivity should exceed 100 mS/cm to be competitive with Nafion [38].  
Mechanical strength plays an import role in long-term fuel cell durability. The 
mechanical properties determine how well the membrane will withstand the stresses of 
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electrode processing and attachment, as well as startup and shutdown cycling involving 
swelling, heating, drying, and cooling. Under such conditions, Nafion undergoes a 
viscoelastic relaxation causing the membrane to develop pinholes that lead to a 
significant reduction in long-term performance. Polymers with higher glass transition 
temperatures, however, will display less rubber-like behavior and potentially limit 
mechanical degradation at higher temperatures [39]. In addition to glass transition 
temperature, tensile strength, percent elongation, and Young’s modulus have also been 
used to characterize the mechanical behavior of PEMFC membranes [37]. These 
properties provide a broad array of parameters by which PEM performance can be 
predicted and screened. 
1.3.2.2. Water Management 
While both conductivity and mechanical strength play key roles in PEM 
performance, water transport heavily influences both of these properties and is therefore 
vital to the membrane’s functionality. With respect to conductivity, the presence of 
moisture in the membrane is required to facilitate proton transport via electro-osmotic 
flow from the anode to the cathode [40, 41]. This mechanism of transport is severely 
hindered if the membrane is dehydrated, which is often the result of low humidity 
operating conditions typical in automotive applications [42-45]. In addition to the using 
moisture supplied via fuel and air streams, hydration can be maintained with water 
produced at the cathode. Hence, the membrane must allow back-diffusion to the anode. 
If back-diffusion is hindered, not only can dehydration occur, but water accumulation 
may lead to flooding at the cathode, limiting access of reactant gas to valuable active 
catalyst sites [40, 42, 44, 46]. As with dehydration, electrode flooding results in reduced 
current and decreased fuel cell performance, requiring proper water management to 
balance moisture between both electrodes [44]. Membrane water transport also affects 
fuel cell performance with respect to mechanical stability [47]. The presence of water in 
32 
the membrane causes plasticization, leading to a reduction in glass transition 
temperature that may affect membrane rigidity [48]. Therefore, in addition to mechanical 
and conductive high-throughput characterization, a tool for screening various 
combinatorial polymer effects on water transport is vital to discovering and optimizing 
proton exchange membranes for fuel cell applications.  
 
1.4. OUTLINE 
This chapter has described how specific high-throughput methods can be used to 
address global sustainability issues through improved transportation fuel cell technology 
that takes advantage of renewable energy resources. Chapter 2 describes how the 
current high-throughput toolset for PEMFC polymers has been expanded with the 
development of a mass transport assay that characterizes water uptake properties at 
multiple sample locations in parallel. Details on construction and theory for this 
apparatus are provided. In addition, the functionality of the high-throughput device is 
evaluated using standard Nafion® films and a model semi-interpenetrated polymer 
network with commercial polyvinylidine fluoride as the host matrix for a proprietary 
polyelectrolyte supplied by Arkema, Inc. In Chapter 3, the new instrument is used to 
evaluate the effects of rapid Fenton’s degradation on water transport through Nafion®. 
Using the basic protocols for Fenton’s reagents, aqueous solutions with different 
concentrations of hydrogen peroxide and ferric chloride were prepared for film exposure 
at a controlled temperature. The resulting discrete combinatorial library of samples 
representing various degradation conditions was then screened for trends in mass 
transport properties to determine if certain rapid degradation conditions could possibly 
be correlated to the real time degradation of Nafion® during fuel cell operation. 
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Moving away from commercially available and proprietary proton exchange 
membranes, Chapter 4 describes the first attempt at discovering novel polymer systems 
for PEMFC applications. Similar to the concept of semi-interpenetrating networks, the 
goal here was to create low-cost two-component systems with mechanically stable and 
proton conductive polymers. However, rather than generating a two phase blend, we 
attempted to minimize phase separation without the use of additives by using two 
structurally similar polymers. Polyetherimide was selected as the base polymer for its 
availability, low cost, thermochemical tolerance, and mechanical stability. To produce its 
ion-conductive counterpart, polyetherimide was sulfonated using a number of techniques 
obtained from literature. Each technique is evaluated based on degree of sulfonation 
and chain scission, as well as blend compatibility and film formation. The most effective 
sulfonation procedure from Chapter 4 was then used in Chapter 5 for the optimization of 
sulfonated polyetherimide blends with the high-throughput methods described 
previously. Various blend compositions and film formation conditions were evaluated for 
maximizing ion-conductivity and reducing phase separation. In addition to these 
optimized properties, thermal, mechanical and water uptake properties were 
characterized in selected blends to predict membrane performance during fuel cell 
operation. Chapter 6 concludes with a summary of the important findings and provides 
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Chapter 2                              
High-Throughput Mass 
Transport Characterization       




Reproduced with permission from Keith Reed and J.C. Meredith  




A parallel high-throughput mass transport analysis tool has been developed that 
uses downstream pressure detection to determine the flux and permeability of 
permeates through either multi-composition (combinatorial) or homogeneous polymer 
films in parallel. The functionality of this device was evaluated using water pervaporation 
experiments at various temperatures on standard perfluorosulfonic acid (PFSA) 
membranes (Nafion®), modified PFSA membranes with alkyl ammonium bromides, and 
degraded PFSA membranes from an accelerated durability test. In addition, polymer 
blends consisting of polyvinylidene difluoride (Kynar®) and an acrylic polyelectrolyte 
(PE), have been evaluated to determine the effect of composition on water transport. 
The results show that water flux and permeability values fall within the range of reported 
literature values for PFSA pervaporation experiments. Both transport properties varied 
with temperature according to an Arrhenius model, which allowed for the determination 
of characteristic water transport activation energies. As expected, the cationic 
substitution of PFSA films with alky ammonium bromides resulted in lower transport 
values, while exposure to Fenton’s degradation reagent resulted in higher water flux and 
permeability. The HT-MTA also detected changes in transport properties due to 
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increasing the PE content in polymer blends. Both water flux and permeability were 
maximized in the range of 40 – 55 wt% PE, consistent with a previous study showing 




Tailoring the mass transport properties of polymer films and membranes has 
proven to be essential for a broad range of industrial separation applications, including 
CO2 extraction, O2 purification, and water desalination [1-5]. Transport characterization 
and optimization are also essential to achieving desired transport properties in ion-
exchange membranes, such as proton exchange membranes for fuel cells (PEMFCs). 
These electrolyte materials facilitate proton mobility, provide electrical insulation to the 
anode and cathode, and serve as gas barriers against fuel and oxidant crossover – 
functions which are all impacted by the transport of water, fuel, and air. Structural 
stability and durability are also strongly affected by water transport, particularly due to 
the cycling between hydrated and non-hydrated states [6, 7]. Optimization of these 
properties is essential to the commercial success of PEMFCs.    
Most current commercially available PEMs utilize perfluorinated, sulfonic acid 
containing ionomers such as DuPont’s Nafion®, Asahi Glass’s Flemion®, and Asahi 
Chemical’s Aciplex® [8]. Additionally, recent reviews cite the investigation of 
polystyrenes, polybenzimidazoles, polyphenylene oxides, and poly(arylene ether)s, 
among others, for PEM applications [9-12]. While these materials may display high 
proton conductivity under proper hydration, opportunities for improving cost, high-
temperature hydration, chemical and mechanical stability, and fuel permeability exist. 
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For this reason, there has been continued interest in developing optimized multi-
component polymer membrane systems for PEMFCs. 
Due to the abundance of material combinations, the numerous degrees of 
freedom in polymer processing, and time-intensive characterization of transport and 
mechanical properties, efficient methods are needed for screening new formulations 
[13]. Combinatorial methods meet these objectives using gradient or discrete techniques 
to capture process variations such as annealing temperature, thickness, and chemical 
composition into a single polymer sample that serves as a library of materials [14, 15]. 
However, a comprehensive toolset of high-throughput measurement techniques is 
needed to characterize the libraries. Previous work in our group has resulted in the 
development of high-throughput conductivity and mechanical characterization tools for 
proton exchange membranes [14, 16]. This chapter introduces a novel instrument for 
high-throughput measurement of transport properties as an addition to the 
characterization toolset. Water pervaporation measurements have been used to 
demonstrate the parallel screening of transport properties in multi-film libraries. 
Many techniques are currently available for measuring water uptake in polymer 
films. Traditionally, mass change is quantified gravimetrically under controlled 
temperature and humidity [17, 18]. Other methods of moisture content detection include 
optical spectroscopy [19, 20], mass spectrometry [21-23], chromatography [24-30], and 
residual gas analysis [31]. While each of these measurement techniques has its own 
strengths, none are convenient for parallel high-throughput analysis due to the cost and 
complexity of implementing numerous measuring systems simultaneously. To achieve 
scalable, high-throughput water uptake analysis, variable-volume and variable-pressure 
permeation experiments are preferred. In variable-volume permeation, as reported by 
Brudaker and Kemmermeyer [32], one side of the sample film is exposed to a 
permeating feed at constant pressure, while the opposite side, attached to an initially 
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evacuated chamber, is monitored for increasing volume through liquid capillary 
displacement. Variable-pressure permeation experiments avoid the use of capillaries 
entirely, since the increasing permeate chamber pressure, rather than the chamber 
volume, is recorded as a function of time. The rate of pressure change can then be used 
to determine permeate flux through the exposed film area. As a single-sample, low-
throughput technique, this method has been reported by Heilman and colleagues [33], 
by researchers in industry (Porous Materials, Inc. [34] and the Dow Chemical Company 
[35]), and has been adopted as a standard analysis method by the American Society for 
Testing Materials [36]. Below, we describe the experimental setup and theory used for 
high-throughput, variable-pressure permeation measurements. 
 
2.2. EXPERIMENTAL 
2.2.1. High-Throughput Liquid Permeation 
The High-Throughput Mass Transport Assay (HT-MTA) has been developed to 
screen transport of water vapor or liquid. The HT-MTA, shown in Figure 2-1, consists of 
a custom stainless steel membrane retention mechanism fitted with a single inlet for the 
upstream feed and 12 downstream permeate chambers, each with a volume of 2 cm3 
and equipped with Honeywell 26PC Series silicon pressure transducers. Films are 
sealed over the permeate chambers using two Viton® fluoroelastomer gaskets (DuPont 
Performance Elastomers). Both gaskets are cut with aligned openings, each with a 
diameter of 0.16 cm to form the film exposure areas. Each downstream port is spaced 
0.5 cm, which is expected to reduce permeation interference among adjacent sample 
locations while maintaining an optimal number of assay points per unit film area. The 
retention mechanism, downstream chambers, and pressure sensing electronics are 
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Figure 2-1: Schematic of the High-Throughput Mass Transport Apparatus. 1) Top cover of 
membrane retention for permeate feed. 2) Membrane. 3) Viton® sealing gaskets with a grid 
of aligned openings for downstream flow. 4) Bottom cover of membrane retention 
mechanism with outlets for downstream pressure sensing. 5) Vacuum oven for system 
drying and temperature control. 
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Dried samples are placed onto the base of the membrane retention mechanism 
such that they completely cover each gasket opening before being sealed into place with 
the top feed inlet. For a single film, a 4x4 cm sheet is sufficient to cover all ports. When 
multiple samples are tested in parallel, either 4x0.5 or 4x2 cm strips are cut to cover the 
grid of downstream pressure channels. For all experiments, a single downstream 
channel covered with the gasket material is used as impermeable reference since the 
water breakthrough time of Viton® (> 8 h [37, 38]) well exceeds the pervaporation 
timescale used for films in this study (~2 h). The retention mechanism is held into place 
with six bolts, each tightened to approximately 4.5 N-m using an adjustable torque 
wrench. A leak test is used to assure proper sealing around each downstream channel, 
after which the assay temperature is set in the vacuum oven at atmospheric pressure. 
To begin the water pervaporation experiments, 6-8 ml of deionized water is fed to the 
upstream film surface until the feed chamber is filled. The feed is kept at atmospheric 
pressure while the downstream pressure, initially at atmospheric pressure, is 
continuously sampled using a National Instruments data acquisition card PXI6031E 
controlled by a customized LabView interface. Pressure data is collected for at least 1 h, 
after which the films are removed and the HT-MTA system is thoroughly dried overnight 
at 60 °C under vacuum. 
2.2.2. Transport Characterization 
Liquid water sorption into an initially dry, PEM film takes place within a few 
seconds, such that molar water flux, Jw, through the polymer at any sample location can 
be measured by an increase in downstream partial vapor pressure, pw, over a given 








A dt A R T dt
= = Equation 2-1
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where the permeate vapor is assumed to act as an ideal gas, dnw/dt is the molar flow 
rate, A is the exposed film surface area, Vpc is the volume of the downstream pressure 
chamber at temperature, T, and R is the ideal gas constant. For quick sorption, flux will 
remain constant at early times until the downstream chamber becomes saturated with 
vapor. During this constant-transport-rate period, Fick’s 1st law can be applied to 
approximate the characteristic diffusion coefficient of water, Dw, according to  Equation 
2-2: 
 




= −  Equation 2-2
 
where the interfacial upstream and downstream water concentrations, cup and cdn, 
divided by the swollen film thickness, ℓ, provide the diffusive driving force. While the 
interfacial concentrations cannot be measured explicitly with the HT-MTA to get diffusion 
coefficients, upstream and downstream pressures can be used to obtain permeability 
values, Pw. This is accomplished by using the solution-diffusion model from Wijmans and 
Baker [39], shown in Equation 2-3: 
 




=  Equation 2-3
 
where psat is the water vapor saturation pressure, obtained from Antoine’s equation for a 
given temperature, and pdn is the partial vapor downstream pressure in the permeate 
chamber. In the HT-MTA, differential pressure monitoring is used to neglect any 
atmospheric water vapor that might be present at the start of pervaporation experiments. 
Using the differential pressure basis, the pressure driving force can be written in terms of 
the downstream differential pressure at any time, pt', and the differential downstream 
pressure at infinite time and equilibrium saturation, p∞': 
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 sat dn tp p p p∞′ ′− = −  Equation 2-4
 
In a typical pervaporation setup, the downstream pressure is maintained under vacuum 
so that pdn remains approximately zero. For the HT-MTA system, where vapor 
accumulates downstream, pt' is initially zero. If pseudo steady-state transport takes 
place at early pervaporation times, i.e. immediately after upstream permeate exposure, 
such that pt′ << p∞′, Equation 2-3 can be simplified to solve for Pw: 
 





The units for permeability are typically expressed in Barrer, where 1 Barrer =                  
10-10 cm3(STP) cm cm-2 s-1 cmHg-1. It should be noted that under completely dry initial 
conditions, psat can be used in place p∞′, therefore allowing for quick permeability 
calculations since the establishment of an equilibrium downstream pressure could then 
be avoided. 
2.2.3. System Functionality 
Three types of experiments have been used to demonstrate the functionality of 
the HT-MTA. To evaluate the device’s point-to-point variance, accuracy, and 
repeatability, the first set of experiments investigated transport through commercially 
available Nafion® PFSA films at temperatures varying from 30 to 60 °C. In the second 
set of experiments, Nafion® films were chemically modified with a Fenton’s reagent or 
through ion exchange with either tetrapropylammonium bromide (TPAB) or cetyl 





Figure 2-2: Alkyl ammonium bromide salts used for ion exchange with Nafion® 112. 
 
 
The Fenton’s reagent is known to degrade Nafion® films over time, while CeTAB and 
TPAB are thought to reduce water transport in Nafion® by blocking access to the 
hydrophilic sulfonic acid pathways. Each of these experiments, repeated two to four 
times, was performed at 50 °C with unmodified Nafion®, which was always included in 
the HT-MTA as a reference. In the final set of experiments, the effects of composition on 
water transport were evaluated using polymer blends of polyvinylidine fluoride (PVDF) 
and a polyelectrolyte (PE) containing protonated sulfonic acid groups. This binary 
polymer model has been described recently as a prospective alternative PEM material 
[40]. Three strips of the PVDF/PE films with PE concentrations ranging from 30 to 60 % 
by weight were also tested with Nafion® at 50 °C and repeated at least three times. 
PVDF without polyelectrolyte was also evaluated as an additional control. 
2.2.4. Materials and Chemical Treatments 
Extruded, pre-protonated Nafion® 112 (Dupont, Inc.) samples were used as the 
control standard and for temperature-dependent experiments. In its dry state, the sheet 
had a thickness of 50 ± 1 µm that expanded to 55 ± 1 µm when completely swollen in 
deionized water. For the accelerated Fenton reagent degradation, a Nafion® sample was 
immersed in an aqueous solution of 30 ppm FeCl3 and 30 % H2O2 at 60 °C overnight. 
The sample was then washed in deionized water before boiling at 80 °C deionized water 
for 1.5 h. Samples were stored in water and then dried at room temperature under a 
vacuum pressure of 635 mmHg overnight prior to permeation tests. For ion exchange 











either CeTAB or TPAB overnight at 60 °C. The samples were stored in their respective 
salt solutions, and prior to permeation experiments, were rinsed thoroughly with 
deionized water and dried under vacuum. 
Two types of PVDF powders, Kynar® 731 and 2801, were supplied by Arkema, 
Inc. Kynar® 731 has a molecular weight of 462,000, whereas Kynar® 2801, a random 
copolymer of PVDF and 12 wt% hexafluoropropylene (HFP), has a molecular weight of 
100,000. The polyelectrolyte (PE), a random copolymer consisting of 70 wt% sulfoethyl 
methacrylate, 15 wt% hydroxyethyl methacrylate, 8 wt% methyl methacrylate, and 7 wt% 
styrene dissolved in n-methyl-2-pyrrolidone (NMP), was also supplied by Arkema, Inc, as 
described previously [16]. The PVDF/PE films were made from stock solutions of each 
component and dissolved at 10-15 wt% in NMP. The solutions were combined according 
to the desired PE concentration and allowed to mix at room temperature for 15 min. In 
order to crosslink the PE, a polymeric hexamethylene diisocyanate (Desmodur® 
N3300A, supplied by Bayer Corp.) was added to the solution at a 1:0.8 molar ratio of 
OH:NCO. After mixing for an additional 5 minutes, the solution was coated onto a silicon 
wafer using a knife-edge coater, described previously [41]. The coated wafer was dried 
in a convection oven at 175°C for 15 min to remove excess NMP and complete the 
crosslinking process. Films were lifted from the silicon substrate by immersion in water, 
and then stored in water until dried for permeation experiments. All PVDF/polyelectrolyte 
films had a swollen thickness of 25 ± 1 µm. 
 
2.3. RESULTS AND DISCUSSION 
2.3.1. HT-MTA Functionality and Transport Evaluation 
Standard pervaporation can be described as occurring in four consecutive steps: 
1) upstream sorption of liquid permeate into the membrane, 2) diffusion through the 
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membrane, 3) downstream desorption into a vapor phase, and 4) vapor transport from 
the membrane surface to the permeate bulk [42, 43]. According to Silva et al. [42] and 
Binning [44], sorption and desorption steps occur much faster than membrane diffusion 
for the pervaporation process due to the limiting rate associated with permeate phase 
change in the membrane. Also, Meuleman et al. [43] noted that vapor transport into the 
permeate bulk generally occurs significantly faster than the other steps. Therefore, 
membrane diffusion is most often assumed to be the rate-limiting step and can be 
directly related to the rise in permeate vapor pressure over time. In a transient, non-
circulating pervaporation system like the HT-MTA, where permeate accumulates on the 
downstream side of the film, the resistances to desorption and vapor diffusion increase 
over time. Therefore water flux is evaluated immediately after film exposure to minimize 
the effects of these rate limiting steps. 
Parallel downstream differential pressure profiles for water permeation through 
Nafion® at 30 °C are shown in Figure 2-3. Water is exposed to the top surface of the 
sample at t = 0, and within seconds, vapor transports into the downstream chamber at a 
constant rate, indicated by the early linear pressure profiles. This almost immediate 
transition into pseudo steady-state moisture transport confirms that liquid sorption into 































Figure 2-3: Differential downstream pressure profiles from a high-throughput water 
pervaporation experiment with Nafion® 112 at 30 °C. Water is exposed to the upstream film 




At later times, the downstream vapor pressures approach values between 0.30 and 
0.35 psi, approximately half of the saturation pressure of water at 30 °C. It is possible 
that the affinity of water to acid groups in the membrane can reduce the saturation 
pressure of water. However, the difference between p∞′ and psat could also be attributed 
to atmospheric humidity initially present in the downstream chambers. Typically, 
atmospheric relative humidity values fluctuate between 30 and 40 %. 
Each pressure profile was linearized around the maximum differential rate 
change to provide a reliable approximation for the pseudo steady-state molar flow rate. 










































Using these linear approximations with Equation 2-1 gives an average pseudo steady-
state flux of 1.1 x 10-5 kg m-2  s-1 (± 0.1x10-5). This value has been compared with 
Nafion®/water flux values from other studies that used various film thicknesses, 
temperatures, and pervaporation configurations, as summarized in Table 2-1. 
Unfortunately, the variation is large among these studies, spanning three orders of 
magnitude within the temperature range of 30 to 35 °C. PFSA film thicknesses may 
contribute to these variations; however, the work from Hensley et al. [45], Romero et al. 
[46], and Majsztrik et al. [47] (see Table 2-1) suggest that thickness has negligible 
effects on liquid water flux, at least within the range of 25 to 254 µm. Therefore, the 
differences among reported values are most likely the result of differing feed and 
permeate conditions, e.g., stagnant or flowing upstream water source with a either a 
downstream vacuum trap or a variable flow rate sweeping gas. In the study conducted 
by Rivin et al. [48], reporting a flux value of 1.2 x10-6 kg m-2 s-1 at 32 °C for a double 
layer of Nafion® 117, downstream sweep gas was used to maintain a constant 
concentration driving force across the sample. Using a similar downstream configuration, 
Romero et al. obtained flux values on the order of 10-4 kg m-2 s-1 at temperatures ranging 
from 30 to 50 °C. Higher values were obtained by Majsztrik et al., on the order of             
10-3 kg m-2 s-1, also using downstream sweep gas between 30 and 80 °C. The order of 
magnitude difference between the two previously mentioned studies may be explained 
by the difference in upstream conditions. Majsztrik et al. reported using a circulating 
water inlet, while upstream conditions from Romero et al. were stagnant, similar to the 
HT-MTA. Although the water concentration at the membrane surface remains constant 
in both cases, the differing upstream configurations and the resulting transport values 
suggest that upstream fluid velocities influence sorption characteristics.  
While stagnant feed conditions may lead to reduced flux values, transport is also 
likely influenced by downstream conditions. Romero et al. and Majsztrik et al. both 
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demonstrated that as sweeping gas flow rates approach stagnant conditions, transport 
rates drop to values within 10-5 and 10-4 kg m-2 s-1, very close to those values reported in 
this study. We expected that reduced downstream flow conditions would also compare 
well to experiments using downstream evacuation since partial vapor pressures and 
convective transport are minimized. However, Ames et al. [49] and Hensley et al.[45], 
who used upstream circulation and downstream evacuation, both report very high flux 
values on the order of 10-3 kg m-2 s-1 at 24 and 35 °C, respectively. These values are 
much closer to values obtained by Majsztrik et al. under high downstream convection. In 
these three studies, upstream circulation was maintained during pervaporation, again 




Table 2-1: Reported Average Flux Values for Liquid Water through Nafion® 















liquid at atm. 
pressure 
stagnant dry 
air at atm. 
Pressure 
55 µm 
30 1.1 ± 0.1 4.3 ± 0.4 
40 1.7 ± 0.2 8.1 ± 1.1 
50 6.1 ± 0.5 12.5 ± 1.1 
60 11.9 ± 2.6 16.2 ± 4.5 
Rivin et al. [48] not given sweep gas at 1 l/min 356 µm 32 0.12 1.6 
Ames et al. [49] flowing  liquid 
vacuum and 
cold trap 25 µm 24 94 120 
Hensley et al. [45] flowing  liquid 
vacuum and 
cold trap 
25 µm 35 210 150 
51 µm 35 280 420 
127 µm 35 180 680 
178 µm 35 180 950 
Romero et al. [46] 
stagnant  
liquid at atm. 
pressure 
sweep gas at 
1 l/min 
51 µm 50 41 28 
127 µm 
30 14 72 
40 22 62 
50 65 69 
183 µm 50 25 62 
sweep gas at 
0-50 ml/min b 127 µm 30 – 50 ~9 ~26 
Majsztrik et al. [47] 
flowing  
liquid at atm. 
pressure 
sweep gas at 
1.1 l/min 
51 µm 
30 170 330 
50 380 260 
70 680 190 
80 617 110 
127 µm 
30 130 630 
50 280 480 
70 450 300 
80 500 220 
254 µm 
30 140 1400 
50 250 850 
70 400 540 
80 500 450 
sweep gas at 
0-50 ml/min b 51 -254 µm
30 5 – 7 10 – 170
80 170 – 250 30 – 220 
a  Calculated using Equation 2-3 or Equation 2-5 




Flux values from Table 2-1 were normalized with their respective driving forces to 
estimate water permeability through Nafion® at various temperatures according to 
Equation 2-3 and Equation 2-5. As could be expected, variation among reported 
permeability values is somewhat reduced compared to water flux, while general 
observations made above concerning the effects of pervaporation conditions remain the 
same. The permeability calculations from HT-MTA experiments compare very well with 
values from Romero et al. and Majsztrik et al. under low downstream flow conditions, 
while values under high downstream convective flow and vacuum trapping are 
somewhat higher than ours. Therefore, due to variations in pervaporation methods, 
transport characteristics such as permeate flux and membrane permeability may not be 
compatible among different studies, but can still be used to screen for those trends that 
can help in identifying structure/property relationships for membrane optimization. 
2.3.2. Temperature Dependence of Water Transport 
High-throughput water pervaporation experiments were performed for Nafion® 
films between 30 and 60 °C to investigate the HT-MTA’s ability to detect the effects of 
temperature on flux and permeability. The results from 24 experiments, each sampling 
up to 12 locations simultaneously, are averaged in Table 2-1. The HT-MTA results for 
flux and permeability show expected trends with temperature that are typical in mass 
transport experiments. Detailed correlations show that both flux and permeability obey 

















where EJ and EP are the activation energies for the flux and permeability, respectively, 
indicating each property’s temperature sensitivity. Jo and Po are the respective pre-
exponential factors. Arrhenius plots of ln(J) and ln(P) vs. 1/T are shown in Figure 2-5 for 
the temperature experiments from this study, as well as those conducted by Romero et 
al. and Majsztrik et al., previously cited in Table 2-1.  
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Figure 2-5: Arrhenius plots for water flux (a) and permeability (b), based on Nafion® 
pervaporation data from this study for 55 µm thick films( ), Romero et al. for 127 µm thick 
films ( ), and Majsztrik et al. for 51 ( ), 127 ( ), and 254 µm thick films ( ). 
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These profiles were used with linear regressions to determine apparent values for EJ 
and EP, which are displayed with their respective R2 correlation values in Table 2-2. The 
flux/temperature relationship determined using the HT-MTA follows an expected 
Arrhenius model, but with a higher temperature dependence than that reported in the 
two literature comparison studies. The increased apparent activation energy for flux is 
most likely due to accumulation of downstream fluid, which increases the minimal energy 
required to transport water molecules through the film. Permeability also shows a 
positive Arrhenius dependence on temperature in the HT-MTA results, contrary to 
observations made in literature, where permeability of liquid water through Nafion® 
membranes decreases with increasing temperature, resulting in negative EP values. The 
negative permeability-temperature correlation is common in pervaporation experiments 
and has been previously explained by Feng and Huang [50], who estimated EP using 














where Bo is the pre-exponential factor. Combining Equation 2-8 with Equation 2-5, 
Equation 2-6, and Equation 2-7 for the case when p∞ = psat, gives: 
 




− + Δ⎛ ⎞−⎛ ⎞= = ⎜ ⎟⎜ ⎟
⎝ ⎠ ⎝ ⎠
 Equation 2-9
 P J vapE E H= − Δ  Equation 2-10
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For the given temperature range, enthalpy of vaporization remains relatively constant at 
42 kJ/mol. If EJ < ∆Hvap, which is the case for cited literature values, then EP is negative. 
Since water flux is more sensitive to temperature in the HT-MTA, then EP and the the 
response of permeability to temperature becomes more positive. Note that in Table 2-2, 
the difference between EJ and EP from each study compares well with ∆Hvap, which is 
consistent with Equation 2-10. 
 
 
Table 2-2: Activation Energies for Flux and Permeability Based on Linear Regressions 
of Arrhenius Model 
Reference Thickness EJ (kJ/mol) (R2)J EP (kJ/mol) (R2)P 
Reed and Meredith  
(this work) 55 µm 70.9 0.9589 37.0 0.9452 
Romero et. al.[46] 127 µm 38 0.9981 -6 0.7658 
Majstrik et al. [47] 
51 µm 25 0.9362 -18 0.8694 
127 µm 24 0.9779 -19 0.9604 
254 µm 24 0.9973 -18 0.9655 
 
 
Alternatively, EP values can be explained with activation energies of diffusivity 
(ED) and solubility (ES) using their respective Arrhenius models to get Equation 2-11. 
 
 P D SE E E= +  Equation 2-11
 
In general, as temperature increases permeate solubility decreases in polymer 
membranes so that ES is negative. Therefore, if the solubility coefficient is more sensitive 
to temperature than the diffusion coefficient, then EP will also be negative. It has been 
observed that the sensitivity of solubility to temperature, and thus the EP value, is 
strongly affected by the conditions of the mass transport experiment [52]. For example, 
many studies have investigated the permeability of methanol through PFSA membranes 
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using both pervaporation and permeation, which differs from pervaporation by using a 
well-mixed, dilute control volume of liquid on the downstream side of the membrane 
instead of evacuation or gas convection. The EP value determined by pervaporation of 
concentrated methanol was negative in the temperature range of 35 to 60 °C               
(~-23 kJ/mol), close to that of pure water in the same measurement apparatus             
(~-30 kJ/mol) [51]. However, numerous studies have shown that the EP from methanol 
permeation experiments using commercial PFSAs is positive in the same temperature 
range, with values ranging from 14 to 19 kJ/mol [53-56]. The similarity in permeability-
temperature trends between the liquid permeation method and HT-MTA suggests that 
the positive correlation could be related to the accumulation of permeate downstream, 
which could reduce the temperature sensitivity of solubility. Therefore, the transport 
phenomena taking place in the HT-MTA more closely reflects a standard permeation 
experiment with downstream permeate accumulation, rather than a standard 
pervaporation with downstream evacuation or gas convection. 
2.3.3. Effects of Chemical Modifications 
Nafion® films treated with CeTAB and TPAB were evaluated for transport 
characteristics in parallel with untreated controls at 50 °C. Each experiment was 
repeated once, and the results are shown in Figure 2-6. As expected, both ion 
treatments produce significantly lower transport coefficients than the untreated control, 
consistent with the expected transport inhibition in the presence of hydrocarbon cations 
associated with SO3- groups in the membrane. There was no significant difference 
between flux or permeability values obtained for CeTAB and TPAB.  
Chemical degradation was conducted by exposing films to a Fenton’s reagent, 
which has been shown to degrade Nafion® by free hydroxyl radical attack [57]. The 
Fenton-degraded sample displayed slightly higher than normal flux and permeation 
characteristics at 50 °C, as shown in Figure 2-6. Increased water transport after 
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prolonged reagent exposure is likely the result of polymer chain scission that allows for 
increased chain mobility. It should also be noted that although transport increases with 
Fenton degradation, conductivity is significantly reduced from 80 to 20 mS/cm, 
measured using the four-point probe high-throughput conductivity measurement 
apparatus. This observation indicates possible loss or rearrangement of sulfonic acid 
groups resulting in decreased proton transport capacity. 
As mentioned previously, all experiments with chemically-modified Nafion® films 
were accompanied by unmodified Nafion® and Viton®. In each case, HT-MTA could 
distinguish treated films from the control samples by significant differences in flux and 
permeability. These results suggest that “crosstalk” is negligible or nonexistent between 
adjacent pressure ports, and also demonstrates the ability of HT-MTA to efficiently 






































Figure 2-6: Transport characteristics of Nafion® 112 films either modified through the 
addition of TPAB and CeTAB salts, or degraded using a standard Fenton’s reagent. All 
liquid water pervaporation experiments where carried out at 50 °C with unmodified Nafion® 





2.3.4. Composition effects in PVDF/polyelectrolyte blends  
Multiple blends of PVDF and PE at various compositions were tested in parallel 
along with Nafion® and Viton® as a control and reference, respectively. Two types of 
PVDF/PE blends were evaluated, each using a different PVDF formulation. Kynar® 2801 
films were made with 30, 45, 55, and 60 wt% PE. Each of these films were cut to cover a 
single column of three downstream permeation ports, leaving two ports for the Nafion® 
sample, and one port for Viton®. The results from these experiments are shown in Figure 
2-7. The film with 60 wt% PE film was too brittle for repeated experiments, so fewer data 
points were obtained at this concentration. For comparison purposes, Kynar® 2801 was 
casted from solvent without polyelectrolyte and the film (10 µm thickness) was also 
evaluated using the HT-MTA. No water transport was observed over the experimental 
time period for the pure Kynar® film, as expected. Therefore, the polyelectrolyte provides 
the dominant mode of water transport in PVDF/PE blends. In Figure 2-7, both water flux 
and permeability increase with PE content up to a PE loading of 45 wt%. Analysis of 
variance shows that the 30 and 60 wt% PE films have significantly lower flux and 
permeability values than the 45 and 55 wt% PE films (p-value < 0.05), with no significant 
difference within both groups. Therefore, the rate of water transfer across PVDF/PE films 
likely to be maximized near 45 to 55 wt% PE, suggesting that these polymer blends 
display an optimal degree of phase separation that facilitates water transport. For 
example, it is possible that at low concentrations of PE, continuous ionic channels do not 
form due to a lack of phase continuity, and at high PE concentrations, the PE 
aggregates into isolated domains that limit uniform transport. This phenomenon has 





















































Figure 2-7: Transport characteristics from parallel liquid water permeation experiments 
through blends of Kynar® 2801 and PE at 50 °C, with Nafion® 112 as a reference. Error bars 
represent 95 % confidence intervals. 
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Kynar® 731 films were made with 30, 40, and 50 wt% PE, and the results from 
the parallel permeation experiments are shown in Figure 2-8. The change in PVDF did 
not affect water transport significantly at equivalent PE concentrations. However, with 
the Kynar® 731 blends, statistical analysis shows that average flux and permeability for 
the 30 wt% film was less than the 40 and 50 wt% PE films, with no significant difference 
between the 40 and the 50 wt% PE films. These results are consistent with those from 
the Kynar® 2801 blends, as there is evidence of maximized water transport above 
40 wt% PE. The water transport trends are consistent with the conductivity trends 
observed by Zapata et al. [16] for the same PVDF/PE blends, where conductivity 
generally maximized near 55 – 60 wt% PE.  
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Figure 2-8: Transport characteristics from parallel liquid water permeation experiments 
through blends of Kynar® 731 and PE at 50 °C, with Nafion® 112 as a reference. Error bars 




A high-throughput mass transport assay has been developed that is capable 
measuring pseudo steady-state flux and permeability of water through hydrophilic 
membranes. HT-MTA utilizes cost-efficient design with parallel channels suitable for 
both combinatorial and homogeneous films to achieve steady state transport conditions 
much quicker than conventional pervaporation techniques. The functionality of the 
device has been demonstrated with the evaluation of liquid water transport through 
Nafion® and model polymer blends of PVDF and an acrylic, proton-conducting 
polyelectrolyte. For Nafion® films, the flux and permeability values were generally about 
one to two orders of magnitude lower than many of the previous studies of water 
pervaporation through Nafion®. The difference is attributed to the downstream 
configuration of the HT-MTA, which accumulates stagnate permeate vapor for pressure 
measurement. This configuration is somewhat analogous to a standard liquid 
permeation experiment, and the resemblance was confirmed by trends in permeability 
with respect to temperature, which display a positive correlation unlike typical 
pervaporation techniques. Still, despite the deviation from experimental values in cited 
pervaporation studies, HT-MTA provides a rapid method by which trends in transport 
behavior can be identified. The effects of chemical modification and rapid degradation on 
water transport have been characterized for Nafion® films. The dependence of flux and 
permeability on temperature were found to follow Arrhenius models used to determine 
respective transport activation energies. Also, for two types of PVDF/PE blends, the 
dependence of water flux and permeability on PE content was found to be consistent 
with trends in proton conductivity from previous work. 
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Chapter 3                             
Effects of Accelerated 





Reproduced with permission from Keith Reed and J.C. Meredith  




The previous chapter described the development of a high-throughput mass 
transport assay, which is an essential addition to the proton exchange membrane 
characterization toolset. In this chapter, the utility of this toolset is demonstrated through 
a detailed analysis of Nafion® degradation, which plays a major role in fuel cell durability. 
A combination of analysis techniques was employed to explore effects of degradation on 
Nafion®, and possible degradation mechanisms. To decompose membrane samples 
without costly, time-intensive fuel cell operation experiments, accelerated aging tests are 
often used. Here, a Fenton’s degradation assay was carried out with various reactant 
compositions, in order to optimize the conditions for miniaturized samples utilized in a 
high-throughput assay. The results support Nafion® degradation mechanisms previously 
suggested, and provide information to correlate accelerated degradation techniques with 




Alternative energy resources are currently receiving widespread attention for 
reducing the release of harmful emissions into the atmosphere and eliminating 
petroleum dependence [1]. Accomplishing these goals in the near future has been 
realized through the advances made in fuel cells, which in various forms convert 
chemical energy into electrical energy. Among the collection of fuel cell technologies, the 
proton exchange membrane fuel cell (PEMFC) is considered highly attractive due to its 
low operating temperature, CO2 tolerance, high power density, and potential for cost-
effective performance [2]. These factors make the PEMFC a versatile power source, 
especially fit for transportation, while also suitable for stationary and portable 
applications [3]. Unfortunately for transportation applications, PEMFCs achieved to date 
are far from being commercially viable, in large part due to the chemical and physical 
limitations of the polymer electrolyte. DuPont’s Nafion® membrane, a perfluorosulfonic 
acid (PFSA) polymer (see Figure 3-1), is considered to be the state-of-the-art PEMFC 
material for its high proton conductivity and chemical resistance, but lacks the long term 




















Since electrolyte durability is critical to the overall operation of the fuel cell, much 
attention has been directed toward studying the mechanisms of Nafion® degradation 
during operation, for which much still remains unknown [5]. The conventional in situ 
method of onboard monitoring, while a useful tool for performance evaluation, is both 
costly and time-intensive when considering fuel consumption and evaluation life cycles, 
which are intended to last at least 5000 h [6]. For this reason, researchers have 
investigated the use of ex situ accelerated membrane degradation experiments to 
quickly assess the process. A popular approach is to expose membranes to a Fenton’s 
reagent, which is a solution that rapidly generates peroxide (•OH) and hydroperoxide 
(•OOH) radicals from hydrogen peroxide and a metal cationic catalyst, typically iron(II). 
The reaction, originally suggested by Haber and Wiess [7], proceeds as follows: 
 
Fe2+ + H2O2  →  Fe3+ + •OH + OH− Equation 3-1
Fe2+ + •OH  →  Fe3+ + OH− Equation 3-2
H2O2 + •OH  →  •OOH + H2O Equation 3-3
Fe2+ + •OOH  →  Fe3+ + OH−   Equation 3-4
Fe3+ + •OOH  →  Fe2+ + H+ + O2 Equation 3-5
 
Free radical attack on the on PFSA membranes has been previously demonstrated to 
take place during long-time operation, initiated by the production of hydrogen peroxide at 
the electrodes in the presence of trace metal impurities [4, 8-11]. The Fenton test 
therefore allows one to manipulate the extent and rate at which free radical attack will 
take place by controlling the concentrations of hydrogen peroxide and metal catalyst, 
respectively. Unfortunately, a generalized correlation between ex situ accelerated testing 
and real-time in situ fuel cell membrane durability has yet to be discovered [12]. 
Furthermore, while there has been some work on the effect of individual reagent 
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components on Nafion’s® chemical structure [13, 14], there is very little information 
available regarding the combined effects of both reagent concentrations on Nafion’s® 
performance properties. For these reasons, the information obtained from accelerated 
durability tests has not been fully utilized. In this chapter, we utilize a customized set of 
rapid, high-throughput characterization techniques, among other characterization tools, 
to show how variations in Fenton testing protocols affect Nafion® films. Basic chemical 
effects are evaluated in addition to changes in performance properties, namely 
mechanical strength, proton conductivity, and water transport.  
 
3.2. EXPERIMENTAL 
3.2.1. Ex Situ Degradation 
Nafion® 112 (Dupont), with a thickness of 51 µm was used for all degradation 
experiments. Films were pre-treated in a 1 M solution of sulfuric acid (ACS reagent 
grade, from Sigma-Aldrich) for 2 h at 80 °C, followed by three cycles of rinsing in 
deionized water at 80 °C for 30 min each. Prior to the start of experiment, films were 
swollen in 150 ml of a 15 or 30 % solution of hydrogen peroxide (ACS reagent grade, 
from VWR International) for 1 h at 80 °C. To initiate the formation of hydroxyl and 
peroxide radicals, iron (II) sulfate heptahydrate (ACS reagent grade) was added to the 
solutions at various concentrations. The degradation reagent was maintained at 80 °C 
for 12 h, after degraded films were rinsed and re-protonated in 1 M H2SO4 for 2 h at 
80 °C to remove all metal ions from the films. Re-protonated samples were rinsed 
thoroughly and stored in deionized water. 
3.2.2. Post Degradation Supernatant Analysis  
The supernatant from each degradation experiment was analyzed for anion 
content using an ICS-2000 Ion Chromatography System (Dionex Corporation). The 
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fluoride ion peak at approximately 3.1 min is the first anion to emerge from 
chromatograph column and was quantified using a calibration curve generated with 
fluoride standards (Ricca Chemical). The concentration of hydrogen cations was 
estimated using a Corning Pinnacle 542 pH/conductivity meter. 
3.2.3. Fourier Transform Infrared (FTIR) Analysis 
Nafion® samples were measured for FTIR using a VERTEX 80v using a Hyperion 
3000 Microscope with an attenuated total reflectance (ATR) attachment (Bruker Optics). 
Spectra were collected at room temperature and pressure after 64 scans with a 
resolution of 4 cm-1. An air background was subtracted from all measurements. 
3.2.4. Scanning Electron Microscopy (SEM) 
High resolution images of degraded Nafion® films were obtained using a LEO 
1530 thermally-assisted field emission scanning electron microscope (SEM), operated at 
10keV. Samples were cryogenically broken in liquid nitrogen and metalized using gold 
sputtering prior to imaging. 
3.2.5. High-Throughput Measurement of Mechanical Properties 
Degraded Nafion® films were characterized for mechanical strength in the dry 
state using a custom, fully automated, high-throughput mechanical testing apparatus 
(HTMECH). A detailed description of HTMECH is described elsewhere [15] and a basic 
overview of the instrument is given here. Samples were mounted between two steel 
plates perforated with a 10 x 10 grid of holes that are 3.00 mm in diameter. The sample 
holder is affixed to a linear motor that moves along the z-axis. At the base of the 
instrument is a hemispherical-tip needle (1.00 mm in diameter) connected to a force-
sensitive load cell that moves along the x and y-axis. After the needle was positioned 
below the desired sample location on the grid, the holder was brought down to the 
needle at defined velocity. Sample indentation generates a force vs. time profile that 
describes the evolution of axisymmetric biaxial deformation and failure. Analysis of this 
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profile was performed using a customized algorithm that allows for the assessment of 
properties such as elastic modulus, tensile strength, ultimate elongation, and toughness. 
Mechanical characterization tests were performed at a constant speed of 15 mm/s under 
ambient conditions. 
3.2.6. High-Throughput Proton Conductivity Measurements 
Proton conductivity measurements were performed with electrochemical 
impedance spectroscopy (EIS) using a customized, fully automated, high-throughput 
conductivity (HTC) measurement device, described in detail elsewhere [16]. Swollen film 
samples were placed in a well-like, electrically insulating sample holder and held in place 
with a grid-like retention mechanism. The sample holder was filled with enough 
deionized water at room temperature to completely cover films and prevent dehydration. 
Before measuring conductivity, localized thickness measurements were taken using an 
Omega GP901-2 linear displacement digital gauging probe with a flat-tip, 0.12 μm 
resolution, and low spring constant to reduce sample compression (Omega Engineering, 
Inc.). To measure conductivity, the hydrated membrane was excited with an alternating 
current (AC) signal from the outer point-electrodes of a commercially available, tungsten 
carbide 4-point probe head (Jandel Engineering Ltd.). The response voltage from this 
AC excitation was measured with the inner point-electrodes, allowing for the calculation 
of complex impedance. Since electrodes are equally spaced apart, proton conductivity 






≈  Equation 3-6
where σ is the membrane proton conductivity, Z is the membrane’s complex impedance, 
and h is the membrane thickness. All proton conductivity measurements were 
determined at room temperature with an excitation signal of 1 kHz and averaged over a 
10 second stabilization period. 
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3.2.7. Water Transport Properties 
 Films were characterized for fractional water uptake, dimensional swelling, flux, 
and permeability. For water uptake and swelling analysis, dry samples were measured 
for thickness and mass, boiled for 1 h in deionized water at 80 °C, cooled to room 
temperature over night, and then lightly blotted with Kimwipes® to remove excess water 
before quickly measuring mass and thickness again. Fractional water uptake was 







=  Equation 3-7
where qm is fractional water uptake, and m is the film mass. Similarly, the change in 
thickness was used to determine the dimensional swelling ratio, according to the 
following equation:  
 wet
dry
q =  Equation 3-8
where qℓ is the swelling ratio, and ℓ is film thickness. 
Water flux and permeability were obtained through liquid pervaporation 
experiments using a high-throughput mass transport assay (HT-MTA). Details on the 
operation of the HT-MTA are given in the previous chapter and are briefly outlined here. 
Film samples were held into place with two Viton® rubber sheets supported by stainless 
plates. Both the rubber sheets and backing plates are perforated with a grid of through-
holes that are each 0.16 cm in diameter. On the bottom-side of the retention mechanism, 
each through-hole is fitted with a stainless steel tube and a Honeywell 26PC Series 
silicon differential pressure transducer that act as the downstream variable pressure 
chamber with an internal volume 2 cm3. The top-side plate of the retention mechanism is 
fitted with an inlet for liquids or gases, allowing for continuous upstream permeate 
exposure. To begin high-throughput pervaporation experiments, liquid water was 
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injected on the upstream side of retention mechanism at atmospheric pressure, with 
each downstream chamber initially at atmospheric pressure, such that the downstream 
differential pressure, pw', was equal to zero. Water vapor immediately diffuses into these 
chambers causing downstream pressure to rise until saturation. For hydrophilic thin 
films, where water sorption occurs very quickly with respect to the time needed to reach 
downstream saturation, steady-state water flux, JW can be approximated by the initially 








A R T dt
 Equation 3-9
where the permeate vapor is assumed to act as ideal gas, dpW'/dt is the initial steady-
state pressure rate, A is the exposed film surface area based on the through-hole 
diameter, Vpc is the volume of the downstream pressure chamber at temperature, T, and 
R is the ideal gas constant. Liquid water permeability, PW can then be calculated using 
the solution-diffusion model with a pressure driving force equal to the differential 








The units for permeability are typically expressed in Barrer, where 1 Barrer =               
10-10 cm3(STP) cm cm-2 s-1 cmHg-1. 
 
3.3. RESULTS AND DISCUSSION 
3.3.1. Free Radical Degradation Pathways 
There are three possible pathways for peroxide and hydroperoxide radicals to 
react with PFSA membranes: chain unzipping, chain scission, and side-group attack 
[17]. Chain unzipping can be initiated on H-containing end groups (i.e., -CHF2 and 
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-COOH) that are present in small concentrations as a result of the Nafion® 
manufacturing process [5, 10, 12, 18-21]. In the presence of free radicals, these end-
groups can react to produce HF and CO2 according to the following example: 
 
R-CF2COOH + •OH  →  R-CF2• + CO2 + H2O Equation 3-11
R-CF2• + •OH  →  R-CF2OH Equation 3-12
R-CF2OH  →  R-COF + HF Equation 3-13
R-COF + H2O  →  R-COOH + HF  Equation 3-14
 
As shown in the mechanism above, the carboxylate group is regenerated and the 
reaction propagates, eventually decomposing the polymer into low molecular weight 
compounds. Chain unzipping is generally agreed to be more dominant than chain 
scission reactions and side-group attack [22]. Although the exact mechanisms for chain 
scissioning have yet to be identified it involves the free radical attack of CF2-CF2 bonds, 
while radical side-group attacks can occur at C-S bonds or more susceptible ether 
linkages. Each of these possible free radical reactions have been considered in 
explaining the various Fenton-induced property changes observed in this study. 
3.3.2. Ionic Loss from Nafion® Degradation 
When trace amounts of Fe2SO4 were added to swollen Nafion® films in hydrogen 
peroxide solutions at 80 °C, gas evolved intensively due to the formation of oxygen 
during the Haber-Weiss reaction (see Equation 3-5). The iron catalyst, initially aqua-blue 
in color, became a reddish-brown over time, confirming the change in the iron oxidation 
state. After carrying out the decomposition reactions for 12 h with Nafion®, the depleted 
reagents were analyzed for polymer decomposition components. The post-degradation 
pH values ranged from 2.4 to 2.7, consistent with the production of acid by-products 
(Equation 3-5) and the possible release of protons from the sulfonic acid groups on 
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polymer side chains. Fluoride losses were determined by ion chromatography and 
plotted in Figure 3-2 for each Fenton reagent concentration. These results indicate 
higher fluoride losses in solutions with the 30 % H2O2, which is expected since more 
peroxide and hydroxyperoxide radicals were available during the accelerated 
decomposition process. For both H2O2 concentrations, the fluoride release from the 
PFSA samples increased with iron(II) content up to 50 ppm Fe2+, and then decreased 
thereafter. This relationship between fluoride loss and Fe2+ concentration has been 
previously observed by Kodama et al. [13] and Chen et. al. [14]. Kodama et al. proposed 
that higher concentrations of Fe2+ produce free radicals at a rate where polymer attack 
sites become limited. The excess free radicals would then naturally deplete before 
reacting with Nafion®, thereby reducing the amount fluoride loss during degradation. 
Another possibility, suggested by Chen et al., is that the higher iron(II) concentration 
favors chain scissioning over chain unzipping, such that large polymer fragments 
become more abundant while the number of fluoride ions generated by end-group 
reactions is reduced. 
84 
ln [Fe2+ Concentration (ppm)]

























15 % H2O2 
30 % H2O2 
 
Figure 3-2: Fluoride ion content of aqueous Fe2+/H2O2 solutions after degradation of 




No R-SO3- polymer fragments could be detected in any of the depleted reagents 
with ion chromatography, which has a detection limit on the order of 0.1 ppm. While this 
might suggest that no radical reactions took place on polymer side-chains directly, it is 
possible that the sulfonated fluorocarbon chains were overshadowed by the large SO42- 
peak from the metal ionic salt in solution. For this reason, FTIR analysis was used to 
evaluate the relative loss of chemical bonds in degraded films. The spectra, shown in 
Figure 3-3, indicated no significant changes in the Nafion® polymer structure after 
degradation, even for the C-F vibration bands at 1204, 1150, and 982 cm-1, which ion 
chromatography had shown to be affected by accelerated degradation. Similar results 
have been obtained by Kindu et al. for the degradation of PFSA films in the presence of 
Fe2+ and H2O2 [19], who showed that fresh and degraded Nafion® samples had no 
significant changes in FTIR spectra, ion exchange capacity, or backbone-to-side-chain 
ratio, despite visible signs of degradation and significant fluoride losses. They concluded 
that free radical degradation might have cleaved polymer backbones and side chains in 
proportion such that the only significant chemical change during degradation was the 
average molecular mass. Such changes are consistent with free radical chain 
scissioning, but the stability of the C-F bonds in Figure 3-3 is still an anomaly. An 
estimate of fluoride concentrations in the supernatents showed that fluoride loss from 
degraded samples was on the order of 10-3 mol/l polymer, which is close to the detection 
limit of the FTIR instrument [23]. The relative proportions of chemical bonds could also 
be retained if chain unzipping completely decomposed some polymer chains, i.e. those 
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Figure 3-3: FTIR spectra of degraded Nafion® samples after exposure to aqueous solutions 




3.3.3. Structural Changes from Nafion® Degradration 
Films exposed to the higher concentration of H2O2 undergo a dramatic change in 
optical properties from initially clear and transparent to white and opaque. To investigate 
how this color change related to the structural properties, film morphologies were 
examined with SEM imaging of fresh and degraded PFSA samples. Select cross-
sectional and surface images are shown in Figure 3-4 and Figure 3-5, respectively. The 
results show that the color change is related to the small bubbles that developed in films 
immersed in 30 % H2O2 solutions. The resulting voids within the polymer film refract light 
in a manner that causes the observed change in color. Based on surface micrographs, 
these voids also produced pinholes at the surface that may affect transport of liquids and 
gases, which will be discussed later. Similar observations were made by Tang et al., 
who concluded that voids formed during accelerated durability tests were the result of 
decomposed polymer repeat units [4]. While such decomposition can occur from any of 
the free radical attack pathways that have been suggested, the chemical analysis 
discussed previously shows that void formation is most likely the result of complete 
chain unzipping. It was also observed from the SEM micrographs that among the films 
aged in 30 % H2O2, the 50 ppm Fe2+ solution induced larger film pores while the other 
Fe2+ concentrations caused many small pores. These results are consistent with the 
suggestion that the effects of free radical degradation were maximized on Nafion® films 
at 50 ppm Fe2+.  
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Figure 3-4: Cross-sectional images of select Nafion® 112 samples before (A) and after 
(B-E) exposure to various aqueous solutions of Fe2+/H2O2 at 80 °C for 12 h. Micrographs 




(B) 15% H2O2, 50 ppm Fe2+ (C) 15% H2O2, 300 ppm Fe2+
(D) 30% H2O2, 50 ppm Fe2+ (E) 30% H2O2, 300 ppm Fe2+
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Figure 3-5: Surface images of select Nafion® 112 samples after exposure to 30 % H2O2 




(A) 30% H2O2, 50 ppm Fe2+
(B) 30% H2O2, 300 ppm Fe2+
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3.3.4. Degradation Effects on Mechanical Properties 
The mechanical properties of each degraded film were averaged from needle 
indentation experiments at 5 sample locations. The resulting force versus time and 
stress versus strain profiles were used to determine normalized maximum force (Figure 
3-6), tensile strength (Figure 3-7), elastic modulus (Figure 3-8), ultimate elongation 
(Figure 3-9), and toughness (Figure 3-10) of films exposed to the 8 different Fenton 
reagent compositions. In general, catalyst concentration, controlling the rate of free 
radical formation, had very little to no effect on mechanical properties. On the other 
hand, hydrogen peroxide concentration, which controls the total amount of free radicals 
generated, had a significant effect on all mechanical properties. The normalized 
maximum force and tensile strength of the PFSA films remained relatively stable after 
immersion in 15 % H2O2, but were reduced by ~50 % in solutions with 30 % H2O2. This 
reduction in polymer strength at the higher hydrogen peroxide concentration can be 
explained by the pores observed in the SEM images. The elastic modulus dropped by 
approximately 20 % in the 15 % H2O2 solutions, and was reduced by 50 % in the 30 % 
H2O2 solutions. These results support possible reductions in chain entanglements as a 
result of chain scissioning, which also increases chain mobility under stress. The 
increase in ultimate elongation for films degraded with 15 % H2O2 also supports better 
chain mobility. On the other hand, for the durability tests using 30% H2O2 solutions, films 
had ultimate elongations that were lower than the original sample. This indicates that 
despite increased chain mobility induced with higher H2O2 concentration, the presence 
of voids in the films significantly reduced the total strain capacity of the degraded 
polymers. Therefore, it was expected that the weaker and less elastomeric films from the 
30 % H2O2 solutions would also have lower toughness values after aging. Meanwhile, 
films reacted with 15 % H2O2, having similar strength and morphology to the original 
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polymer but with higher ductility, were expected to have increased toughness values 
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Figure 3-6: Normalized maximum force of Nafion® 112 films after exposure to various 
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Figure 3-7: Tensile strength of Nafion® 112 films after exposure to various aqueous 
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Figure 3-8: Elastic Modulus of Nafion® 112 films after exposure to various aqueous 
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Figure 3-9: Ultimate elongation of Nafion® 112 films after exposure to various aqueous 
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Figure 3-10: Toughness of Nafion® 112 films after exposure to various aqueous solutions 






3.3.5. Degradation Effects on Proton Conductivity 
Proton conductivity measurements were averaged over 4 sample locations on 
Nafion® films that were previously exposed to various degradation reagents. The results 
are presented in Figure 3-11. Although proton conductivities were expected to generally 
decrease under each degradation condition, conductivity values increased slightly after 
exposure to the 15 % H2O2 solutions for all iron concentrations except 50 ppm Fe2+, 
which showed a significant reduction in proton conductivity. The higher proton 
conduction 15 % H2O2 may also be the result of increased chain mobility that could allow 
for improved rearrangement of sulfonic acid groups serving as chemical channels for 
proton transport. Under harsher reagent conditions with a higher concentration of H2O2, 
additional sulfonic acid mobility may lead extensive sulfonic acid aggregation that can 
cause a loss of percolated networks for proton transport. Also, the voids produced as 
result to exposure to the higher concentrated H2O2 solutions might act as physical 
obstructions in the ionic pathways. These explanations agree with the ion 
chromatography and FTIR results that suggest that there were no significant losses of 
sulfonic acid side chains from the films. 
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Figure 3-11: Proton conductivity of Nafion® 112 films after exposure to various aqueous 
solutions of Fe2+/H2O2 at 80 °C for 12 h. Error bars represent 95 % confidence intervals. 
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3.3.6. Degradation Effects on Water Transport 
The effect of accelerated free radical degradation on water transport was 
evaluated on Nafion® films using multiple techniques. Water uptake (see Figure 3-12), 
based on dry and swollen film masses increased for all degradation experiments as 
expected. The overall increase of the water storage capacity in degraded films is likely 
due to improved polymer chain flexibility resulting from chain scissions, as discussed 
previously. For each Fe2+ concentration, the films exposed to 30 % H2O2 gave the 
highest uptake values, most likely due to the presence of voids in the film. The additional 
free space resulted in the increased free water retention capacities of degraded 
samples. It was observed that water uptake changes for PFSA films immersed in 30 % 
H2O2 solutions were similar to the trends in pore size and fluoride loss with respect to 
iron(II) content. For the solution with 50 ppm Fe2+, for which each of these properties 
reaches a maximum value, the rate of free radical attack was optimized. This is further 
evidence of optimized free radical attack under specific regent conditions which may be 
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 The degraded Nafion® swelling ratios, shown in Figure 3-13, do not follow the 
same trends as water uptake. For films degraded with 30 % H2O2, the swelling ratios 
were somewhat higher than the original polymer at 10ppm Fe2+, but for higher Fe2+ 
concentrations, the swollen thickness changes were less than the original polymer. This 
phenomenon may be related to changes in the polymer morphology, which has been 
shown with SEM imaging to change with Fe2+ content. The voids formed during the 
Fenton tests are capable of retaining water, but these sections of the polymer films do 
not expand or contract with water uptake, thereby causing reduced dimensional changes 
in the swollen state. For this reason, films degraded with 15 % H2O2 solutions, which 
were relatively defect free, consistently displayed increased in swelling ratios after 
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 Liquid water flux and permeability values were averaged over 12 sample 
locations and are displayed in Figure 3-14 and Figure 3-15. The decomposed films 
generally experienced little to no change as a result of free radical degradation. Both 
properties were expected to change proportionally with proton conductivity, since some 
rearrangement of sulfonic acid segments is thought to facilitate water transport. 
Furthermore, higher water transport and liquid breakthrough were expected with films 
exposed to 30 % H2O2 since SEM micrographs indicated the formation of pinholes on 
degraded film surfaces. The results suggest that water transport pathways may not be 
directly affected by the same ionic channel alignment that facilitates proton transport. 
Also, the flux similarities between unmodified Nafion® and the degraded, porous Nafion® 
films suggest that water molecules remained in the continuous polymer phase while 
moving through membranes so that no liquid water breakthrough could occur. 
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Figure 3-14: Water flux through Nafion® films degraded with various H2O2/Fe2+ 
compositions. Flux was determined from high-throughput pervaporation at 50 °C and 




Interestingly, flux only increased when films were exposed to the solutions 
consisting of 15 % H2O2 with 100 ppm Fe2+ and 30 % H2O2 with 50 ppm Fe2+, while all 
other reagents led to insignificant flux changes. Permeability values, on the other hand, 
were unaffected by degradation in 15% H2O2, but were reduced somewhat in 30 % H2O2 
solutions for all iron(II) concentrations except 50 ppm, where the permeability increased 
after accelerated decomposition. For that particular sample, which also had the greatest 
increase in water uptake, it is likely that substantial polymer defects caused higher water 
transport. In general, rapid decomposition with higher H2O2 concentrations should limit 
water transport through the continuous polymer phase of Nafion® films since internal 
voids can obstruct water channels. Decreased permeability values from immersion in 
30 % H2O2 are also fairly consistent with the reduction in swelling ratios under these 
degradation conditions. According to Equation 3-10, if flux is unaffected by free radical 
degradation, and the driving force decreases with reduced swelling thickness, then the 
permeability should also decrease as result of degradation. 
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Figure 3-15: Water permeability through Nafion® films degraded with various H2O2/Fe2+ 
compositions. Permeability was determined from high-throughput pervaporation at 50 °C 





In an effort to better understand the free radical degradation pathways taking 
place in Nafion® during fuel cell operation, variations in the Fenton testing protocols were 
explored. Analysis of the chemical and performance properties of rapidly aged samples 
show that the hydrogen peroxide concentrations had a significant impact on accelerated 
testing. The more concentrated hydrogen peroxide solutions induced increased fluoride 
loss from the film, along with lower conductivity, and reduced mechanical stability due to 
severe morphological changes. Accelerated durability testing in the more dilute 
hydrogen peroxide concentration resulted in films with slightly increased proton 
conductivities, and for some concentrations of Fe2+, slightly improved mechanical 
properties. These enhancements under relatively mild accelerated degradation 
conditions are most likely the result of increased polymer chain mobility from reduced 
chain entanglements that did not comprise overall film morphologies. Significant 
changes in fluoride loss, proton conductivity, and water transport were observed for 
Nafion® films degraded with 50 ppm Fe2+, suggesting that an optimal rate of free radical 
attack could be established based on the limited number of attack sites in the PFSA 
membrane. Therefore, the properties of rapidly degraded films may be controlled to 
better represent long-time durability results. 
 Chain unzipping, chain scission, and radical side-group attack were all evaluated 
as possible pathways for free radical attack on Nafion® films. FTIR spectroscopy on 
degraded films and ion chromatography of the final supernatant solutions provided 
somewhat divergent results for the fluoride loss. Although fluoride was detected in all 
supernatants, there was no significant reduction in C-F vibrations relative to other 
vibrations in the polymer films. Fluoride loss was close to the detection limit of the FTIR, 
which could imply only partial chain unzipping and/or minimal chain scission. An 
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alternative explanation is that fluoride loss may have been accompanied by sulfonic acid 
leaching in the supernatant, but was overshadowed by SO42- from the metal catalyst in 
ion chromatography. The changes in sulfonic acid and fluoride concentrations in the 
membrane would then go undetected by FTIR analysis if entire polymer chains were 
reduced to low molecular weight molecules that leached from membranes while the 
relative proportions of chemical bonds in the membranes were retained. 
The unchanged proportionality of chemical bonds in degraded films also 
suggests that direct reactions with polymer side-chains were negligible compared to the 
other possible pathways. Complete chain unzipping of polymer structures does not 
exclude the possibility of chain scission reactions which may also produce undetected 
chemical losses in degraded membranes. It is therefore possible that the dominating 
pathway switches as a result of free radical availability from the hydrogen peroxide 
concentration. As an example, hydrogen peroxide radicals may preferentially cause 
chain scission at every active site on the polymer chain before switching to partial or 
complete chain unzipping if more radicals are available. The voids would then result 
from chain unzipping at higher hydrogen peroxide concentrations. If this were the case, 
then determining the total amount of hydrogen peroxide typically produced throughout 
fuel cell lifetimes would be essential for correlating real-time evaluations with accelerated 
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Chapter 4                            
Sulfonation of Aromatic 
Polymers for Proton Exchange 





The durability issues associated with perfluorosulfonic acid-based materials 
discussed in the previous chapter are a critical setback for the commercialization of 
proton exchange membrane fuel cells. The need for more robust materials has directed 
research towards the exploration of high-performance, hydrocarbon-based polymer 
systems that can be electrochemically modified to be used as low cost proton exchange 
membrane (PEM) alternatives. Aromatic sulfonation has become a popular method of 
converting electrically-insulating hydrocarbon materials into PEMs. However, depending 
on the polymer structure and the sulfonation procedure used, aromatic sulfonation can 
severely impact other key polymer properties, namely mechanical, chemical, and 
thermal stability. This chapter summarizes the current progress in alternative PEM 
development and also gives an overview of the more common sulfonation methods used 
for electrochemical enhancement. The state-of-the-art in hydrocarbon PEMs has 
motivated the preliminary investigation of two high-performance materials that have not 
yet been widely studied for possible fuel cell applications. These polymers have been 
modified according to previously-cited sulfonation procedures, and the effects of these 
procedures have been summarized. 
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4.1. INTRODUCTION 
The proton exchange membrane fuel cell (PEMFC) is currently considered the 
most promising alternative power source for vehicle transportation and other applications 
requiring clean, quiet, and portable energy [1]. For this reason, much effort has gone into 
developing PEM materials, which have long been a critical setback for PEMFC 
commercialization. While the electrolyte material primarily serves as a highly proton 
conductive fuel and oxidant barrier, there are many other performance characteristics 
that are necessary for PEM functionality within a fuel cell system [2-4]. Membranes for 
PEMFC applications must be capable of fabrication into membrane electrode 
assemblies with high bonding strength for maximum catalytic and ion transport 
efficiency. The membrane’s dielectric properties are essential for preventing short 
circuits during operation. Since proton transport is typically facilitated by membrane 
hydration, and since drying and flooding of the electrodes will significantly inhibit catalyst 
performance, strict membrane water management is vital for extended fuel cell 
efficiency. However, proper water management can limit fuel cell operating 
temperatures. Therefore, water permeation and diffusion through PEMs should be stable 
over a broad range of temperatures. In addition, PEMs must maintain high mechanical 
stability under repeated thermal and hydration cycling, which can lead to long-term 
durability issues. Due to the acidic nature of the PEMFC environment, as well as the 
possible formation of highly reactive free radicals during operation, chemical stability is 
also critical to long-term fuel cell durability. Such stability issues have typically been 
addressed by incorporating fluorinated carbons and/or aromatic rings into the polymer 
backbone and side groups. The use of such atoms and functional groups can require 
numerous processing steps, which in turn increases the cost of membrane fabrication. 
All of these specifications and constraints have made the search for the ideal PEM a 
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very challenging task. Within the past two decades, there has been incremental progress 
in the development of new PEMs, but there is still great potential for future 
advancement. This chapter highlights recent innovative strategies for developing 
PEMFC polymers and describes two approaches for developing new PEM materials 
based on the sulfonation of Ultem® polyetherimide (PEI) and Matrimid® polyimide. 
 
4.2. BACKGROUND 
The U.S. Department of Energy (DOE) has set target specifications for PEM 
performance during fuel cell operations. These targets can vary based on the specific 
application. PEMs for automotive applications are expected to sustain high power 
outputs ( > 650 W/kg [2]) for at least 5,000 h at temperatures that range from 60 to 
120 °C. Stationary applications require the same standard of performance for a much 
longer lifetime and higher temperature range (at least 40,000 h, up to 170 °C). In both 
cases, the cost of the PEM is intended to remain below $20 /m2 or $5 /kW [3]. To meet 




4.2.1. Perfluorinated Sulfonic Acid Membranes (PFSAs) 
 The current state-of-the-art PEM for fuel cell applications is Nafion®, a 
commercial perfluorosulfonic acid polymer originally introduced by DuPont in the 1960’s 
(see Figure 4-1a). Nafion displays superior proton conductivity when properly hydrated 
(~100 mS/cm), with high thermal and chemical stability afforded by its fluorinated 
backbone and side chains. The inertness of the polymer structure has proven to yield 
excellent lifetimes above 60,000 h when operated below 80 °C [2, 4]. Above 80 °C, the 
polymer’s durability has been observed to drop below 1,000 h [4], and the reduction in 
membrane-water content drastically lowers ionic conductivity. The limited temperature 
range also prevents opportunities for improved electrode kinetics, possible heat 
recovery, and higher carbon monoxide tolerance, which is essential for reformed 
hydrogen fuel sources. These disadvantages as well as high manufacturing cost and 
high methanol permeability have motivated the search for alternatives [5]. Some 
alternatives have had moderate commercial success, including Aciplex® (Asahi 
Chemical Company), Flemion® (Asahi Glass Company), and a membrane from the Dow 
Chemical Company that is no longer available [6]. However all of these membranes are 
based on the Nafion® structure, sharing most of the disadvantages of the state-of-the-art 
membrane, namely limited performance at the higher end of the target operation 
temperature range. 
 Other perfluorosulfonic acid-based polymer alternatives have also been explored 
[7]. Researchers have tried replacing sulfonic acid with other ionic conducting groups 
such as sulfonyl imides and phosphonic acid to improve thermal stability [7, 8]. However, 
no significant improvements have resulted from this work. Nafion® has also been 
incorporated into composite membrane systems by impregnation into microporous 
poly(tetrafluoroethylene) (PTFE) matrices [8]. It was believed that the inert reinforcement 
would allow for thinner PEM at lower costs. When compared to pure Nafion®, these 
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authors found the composite membranes to display improved durability at lower 
thicknesses while maintaining comparable electrochemical characteristics. Although high 
temperature operation was still limited by membrane-water content, the Nafion®/PTFE 
composite membrane has been made commercially available by W.L. Gore & 
Associates (Gore-Select®) and is targeted for stationary applications [9]. 
Inorganic Nafion® composites have been evaluated for enhanced fuel cell 
performance with the incorporation of solid particles such as SiO2, ZrP, and TiO2. 
Researchers have found that these composite membranes display higher ion exchange 
capacity under low humidity conditions, allowing for a broader range of operation 
temperatures [2, 10-12]. However, the cost of these modified Nafion® membranes limits 
their use in the commercial fuel cell market. Therefore, much effort has been directed 
toward alternative hydrocarbon backbone polymers, which not only have the potential for 
higher-temperature performance under lower humidity conditions, but also promise cost 
advantages relative to commercially available PFSAs [1, 2].  
4.2.2. Alternative PEMs 
As mentioned previously, hydrocarbon PEMs are desirable for their potentially 
low manufacturing cost, since there are many high performance hydrocarbon polymers 
already available to be incorporated into PEMFCs. Such materials typically contain 
aromatic moieties which provide chemical and thermal stability. While still not as stable 
as conventional PFSAs, many of these hydrocarbon-based PEMs have been shown to 
be suitable for PEMFC applications when considering the possibility of significantly 
improved manufacturing costs. Since they are usually non-ionic, these hydrocarbon 
polymers also require chemical modification, typically through aromatic sulfonation, to 
induce the desired ionic transport characteristics. The sulfonation process itself adds 
multiple degrees of freedom to the PEM synthesis procedure, thus providing 
opportunities for further material optimization. There is a large amount of literature 
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investigating the optimized performance properties of sulfonated aromatic polymers as 
alternatives Nafion® in fuel cells. Those most commonly studied are described here. 
4.2.2.1. Polystyrenes 
Poly(styrene sulfonic acid) (PSSA, Figure 4-1b) is a basic PEM polymer from 
which many low-cost membranes have been derived. The styrene monomer is readily 
available, easily functionalized, and can be added to a broad range of commercially 
available polymers using graft radiation [10]. Researchers have investigated the 
properties of PSSA with non-fluorinated polymers (sulfonated poly(ethylene styrene) 
[11]), fluorinated polymers (PTFE-g-PSSA, [12]), and partially fluorinated polymers 
(PVDF-g-PSSA, [13-16]). Their results show that while sulfonated styrene-based 
membranes generally display electrochemical characteristics that are competitive with 
Nafion®, they are not mechanically compatible with other MEA components, and show 
weak barrier properties and low chemical resistance that ultimately lead to membrane 
lifetimes less than 200 h. 
To improve the MEA compatibility of PSSA, it can be incorporated into more 
flexible polymer chains through copolymerization. Sulfonated poly(styrene-(ethylene-co-
butylene)-styrene) (SEBS) is one example of a copolymer system that has been 
commercialized by Dais Analytics. It shows improved MEA compatibility and ionic 
conductivities comparable to Nafion®, but shares similar chemical instability 
characteristics as many other styrene-based PEMs [13]. For this reason, Dais 
membranes are targeted at portable fuel cell applications operating at 1 kW or less at 
temperatures less than 60 °C [6]. 
The stability of sulfonated styrene PEMs has been further enhanced in 
composites using a commercially available, low cost ion exchange resin from Scientific 
Polymer. The resin also consists of PSSA, which is cross-linked with divinylbenzene for 
mechanical reinforcement. The resin itself is nanoporous to permit water and cation 
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diffusion, but cannot be used directly in PEMFCs because its highly cross-linked 
structure severely limits flexibility. Combining the resin with flexible PSSA, which has 
good interfacial adhesion with resin, allows for easier MEA fabrication. Researchers 
found that this composite delivers a seven-fold increase in durability compared to the 
unreinforced polystyrene [14].  
4.2.2.2. Polyphenylenes  
Polyphenylenes provide the most basic aromatic back-bone structure from which 
an abundance of PEMs can be derived. A long chain of benzene rings alone offers 
excellent thermal and chemical stability, but is also very rigid in the range of 
temperatures used by PEMFCs [15]. To increase the materials flexibility, processability 
and further enhance its stability, functional groups are added to the polymer backbone. 
Two examples of the basic flexible polyphenylene polymer are poly(phenylene oxide) 
(PPO, Figure 4-1c), and poly(phenylene sulfide) (PPS), both of which are commercially 
available low-cost high performance polymers. They are also easily modified at the 
benzene rings with sulfonation to yield electrochemical properties. Sulfonated PPO has 
been shown to deliver good proton conductivity upon optimizing the degree of 
sulfonation, although the highest conductivity achieved is still lower than that Nafion® (84 
mS/cm compared to 120 mS/cm), and mechanical properties are significantly reduced 
[16, 17]. The thermal properties of S-PPO are suitable for PEMFC applications, but its 
low oxidative stability at high operation temperatures leads to reactant gas crossover 
and shortened lifetimes [16]. Variations of PPO have been explored by Ballard 
Advanced Materials with methyl or benzyl groups substituted at the 2- and 6- carbons of 
the aromatic backbone. Although the oxidative stability was predicted to increase, 
membrane degradation remained an issue during fuel cell tests where the performance 
of the MEA lasted < 500 h. PPS also displays good proton conductivity when sulfonated, 
but is water soluble at degrees of sulfonation > 30 % [17]. 
118 
Another common polyphenylene derivative is poly(4-phenoxybenzoyl-1,4-
phenylene) (PPBP, Figure 4-1d), commercially available as a high-temperature 
engineering polymer (Poly-X 2000, Maxdem, Inc.). At high degrees of sulfonation ( > 
65%), these membranes display slightly lower conductivity characteristics than Nafion®, 
but remain thermally and electrochemically stable up to 140 °C due to their enhanced 
water uptake properties [18]. However, S-PPBP performance is strongly related to the 
fuel cells humidity conditions, making this material ideal for PEMFCs that are retrofitted 
with humidity control technology. Unfortunately, external humidification adds to the cost, 
volume and weight of the fuel cell. 
4.2.2.3. Polyphenylquinoxaline 
Polyphenylquinoxaline (PPQ, Figure 4-1e) is a more complex derivative of the 
polyphenylene family well-known for its processability, along with thermal and chemical 
stability characteristics similar to other polyphenylenes previously mentioned [19]. 
Ballard Advanced Materials investigated the use of sulfonated PPQ for fuel cell 
applications, designating it as their first generation PEM (BAM1G). The heterocyclic 
nature of the polymer provides good mechanical strength and the degree of sulfonation 
has previously been manipulated to provide electrochemical properties competitive with 
Nafion® [20]. Membrane durability during fuel cell operation, however, is a setback for 
this type of polymer, as its chemical instability can result in fuel/oxidant crossover within  
the first 350 h of fuel cell operation [20]. 
4.2.2.4. Poly(ether ketones) 
Poly(ether ketones) are semicrystilline polymers that offer high thermal stability, 
chemical stability, and mechanical properties at a low cost. A large variety of these 
polymers based on the sequence of ether and ketone groups have been made 
commercially available. One of the most common examples is poly(ether ether ketone) 
(PEEK, Figure 4-1f), which has been manufactured under numerous trade names 
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including Victrex® (Victrex), Gatone® (Solvay), and Kadel® (Solvay), among others. Other 
polyether ketones are also widely available, such as poly(ether ketone) (PEK, from 
Victrex and Raychem), poly (ether ketone ketone) (PEKK, from CoorsTek), and poly 
(ether ether ketone ketone) (PEEKK, from Hoechst). Many more sequences have been 
developed in laboratories (i.e., PEEEK, PEEKEK, etc.) [21]. Although many of these 
poly(ether ketones) have been evaluated for fuel cell applications [17, 21-23], the PEEK 
derivative is most often studied for its availability, versatility, and low cost. Researchers 
have shown that once sulfonated under the appropriate conditions, S-PEEK membranes 
can display proton conductivities that are only slightly lower than Nafion® at 80 °C (134 
mS/cm compared to 150 mS/cm, [24]). They also show lower methanol permeability 
than conventional PFSAs, making S-PEEK-based PEMFCs especially well-suited for 
direct methanol fuel cells. FuMA-Tech, a German company, has developed a S-PEEK 
membrane (Permasep® FKE) that shows better mechanical stability, efficiency, and 
power density than Nafion® membranes and is intended to operate in direct methanol 
fuel cells in the temperature range of 100 to 160 °C. One drawback to increasing the 
degree of sulfonation in PEEK membranes for improved electrochemical properties is 
the proportional increase in swelling capacity that leads to reduced mechanical stability. 
At 30 % sulfonation, S-PEEK is soluble only in strong acids. Above 30% sulfonation, the 
material is also soluble in several organic liquids. Above 70% sulfonation, S-PEEK 
becomes soluble in methanol, and at 100% sulfonation, membranes will dissolve in 
water [15]. Cross-linking can reduce S-PEEK swelling, but will also limit the material’s 
proton conductivity [25, 26]. However, a study has shown that benzene dimethanol with 
a transition metal catalyst can be used as a S-PEEK cross-linking agent without 
sacrificing proton conductivity [27]. Other researchers have investigated the use of S-
PEEK as composites membranes with metal oxides or complexes of metal oxides and 
heteropolyacids [15, 21, 28]. These composites, which do not require high levels of 
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sulfonation to be highly conductive, also show reduced swelling properties. Both 
methods will add to the costs of manufacturing S-PEEK membranes, so the balance 
between increased cost and improved performance will need to be evaluated. 
4.2.2.5. Polysulfones 
Like poly(ether ketones), there are a broad span of commercially available 
polysulfones (PSU) that display unique combinations of chemical and physical 
properties, along with high thermal stability and resistance to oxidation [21]. The most 
commercialized PSU is combination of diphenylsulfone and bisphenol A, currently 
manufactured by Solvay (Udel®, Figure 4-1g). Numerous performance studies have 
been conducted on sulfonated and phosphonated Udel®, as well as other modified PSU 
sequences [29-37]. Phosphonated PSU membranes have shown weak electrochemical 
properties, but S-PSU has potential for fuel cell applications. The ionic conductivity of S-
PSU is significantly lower than Nafion®, but increases with operation temperature and 
the degree of sulfonation. Similar to S-PEEK, the upper limit of PSU sulfonation was 
constrained by high swelling and partial membrane dissolution. To overcome this 
limitation, researchers have explored S-PSU composites with components such as 
heteropolyacid acids [35, 38] and silica [39], which display markedly improved 
mechanical stability at higher degrees of sulfonation. The additional costs of producing a 
sulfonated PSU film with higher conductivities, which are still somewhat lower than 
conventional PFSAs, may prove to be a major setback to commercializing S-PSU films 
for fuel cell applications. 
4.2.2.6. Polyimides 
Sulfonated polyimides (S-PIs) were initially studied for electrodialysis 
applications, but the original five-member imide ring structure (phthalic S-PIs) proved to 
be very unstable in PEMFCs even under mild conditions [40]. The second generation of 
S-PIs based on six-member imide rings (naphthalenic S-PIs, Figure 4-1h) display more 
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promising performance properties, with reported fuel cell durability tests lasting up to 
3,000 h at 60 °C [40, 41]. These membranes have been studied widely and continue to 
be improved by combining a variety of naphthalene-based dianhydrides with sulfonated 
diamines [41-49].  
Most recent S-PI studies have shown that these materials can have significantly 
reduced gas and methanol permeabilities compared to Nafion®. As could be expected, 
the conductivity, swelling, chemical resistance and thermal stability of S-PI membranes 
all vary with degree of sulfonation. Proton conductivity can generally reach levels close 
to or even slightly above conventional PFSAs but is limited by extensive water swelling 
[17, 41, 44]. Fortunately, water stability can be improved by incorporating flexible, 
unsulfonated diamines into the S-PI backbone [42]. These unsulfonated diamines serve 
as spacers between rigid rod microstructures, thereby creating free volumes for water 
uptake. Still, most S-PIs and many of their monomer components are not commercially 
available, so the ultimate success of these materials in PEMFC applications will rely 
upon detailed cost assessments of laboratory scale-up. 
4.2.2.7. Polybenzimidazole 
Polybenzimidazoles (PBIs) are highly thermostable materials with glass 
temperatures around 420 °C and melting points > 600 °C. One of the more common 
forms of PBI is commercially available as Celazole® from Hoechst-Celanese, shown in 
Figure 4-1i. Even without modification, PBIs show some tendency for water uptake and 
proton conductivity, although it is very low [18]. Conductivity can be significantly 
enhanced through numerous methods. One method is PBI doping, which has been 
highly cited in literature [50-52]. Since the polymer has basic characteristics, it can form 
a complex with acids such as phosphoric acid while retaining its mechanical stability. 
The acid will hydrogen bond or allow proton transfer reactions with the polymer, 
providing a unique proton conduction mechanism that can be maintained under low 
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humidity conditions. Doping is typically accomplished by immersion in concentrated acid 
solutions with methanol, and can increase membrane conductivities up to that of free 
acid in its liquid state (70 mS/cm [53]). Acid-doped PBI membranes show 10 times less 
methanol crossover compared to Nafion®, but more importantly, these membranes have 
been shown to operate in fuel cells up to 200 °C and 0 % relative humidity [54]. One of 
the major limitations of acid-doped PBI is acid leaching during extended use, making 
MEA durability a serious concern. So far, there have been no reports on the long-term 





Figure 4-1: Common PEM base polymers. (a) perfluorinated sulfonic acid (Nafion®), (b) 
poly(styrene sulfonic acid), (c) poly(phenylene oxide), (d) poly(4-phenoxybenzoyl-1,4-
phenylene), (e) poly(phenyl quinoxaline), (f) poly(ether ether ketone), (g) poly(ether 
sulfone), (h) sulfonated naphthalenic polyimide, and (i) polybenzimidazole. 
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4.2.2.8. Polymer Blends 
Based on the previously mentioned polymers alone, there are substantial 
opportunities for engineering PEMs based on polymer blends that combine the high 
performance properties of individual components. The scope is even greater when 
considering the multitude of low-cost commercial polymers that have not typically been 
explored as PEMs but can still provide significant performance enhancements as 
polymer blend components. Unlike the development of complex copolymer systems, the 
blending process is relatively cheap and simple. However, phase separation can be an 
issue, possibly leading to heterogeneous membranes with poor performance. Blend 
miscibility can be improved with the proper selection of polymers that allow for favorable 
ionic interactions, hydrogen bonding, and/or ion-dipole interactions that can also act as 
cross-linkers for added mechanical stability [17]. The correct choice of a processing 
solvent is also essential for developing high performance polymer blends. One example 
of a promising polymer combination is cross-linked polyvinyl alcohol with polyethylene 
glycol and poly(acrylamide methyl propane sulfonic acid) [55]. The cross-linked blend, 
acting as a semi-interpenetrating network is cost-effective and has been optimized to 
display comparable conductivity and lower methanol permeability compared to Nafion®. 
However, the material’s chemical and thermal stability under fuel cell operation 
temperatures above 80 °C have yet to be evaluated. Many other blends have been cited 
in literature [16, 17, 56-61] 
4.2.3. Sulfonation Methods 
Aromatic sulfonation is by far the most common method of enhancing the 
electrochemical properties of high performance polymers. Sulfonic acid addition is 
typically accomplished through electrophilic attack of a polymer’s aromatic rings with a 





Figure 4-2: Mechanism for electrophilic aromatic substitution. 
 
 
The electrophilic attack site is preferential to electropositive carbons stabilized on 
aromatic rings. Therefore, sulfonation is often restricted to certain locations on the 
polymer chain. As an example, for bisphenol-based polymers such as PEEK and PSU, 
sulfonic acid groups will almost always be added at the activated positions ortho to the 
aromatic ether bond, since these bonds are furthest from the electron-withdrawing 
carbonyl and sulfonyl groups [62]. Most often, addition of one sulfonic acid group to the 
aromatic ring of a polymer repeat unit will deactivate the entire repeat unit and prevent 
its further sulfonation. In order to optimize sulfonated PEMs for commercial use, the 
degree of sulfonation must be well controlled. There are three keys aspects to controlling 
sulfonation, as described below. 
4.2.3.1. Reaction Environment 
Electrophilic aromatic sulfonation is strongly affected by the choice of reaction 
time and temperature, and detailed kinetic studies have been conducted for numerous 
sulfonation processes [22, 63-65]. Unlike other electrophilic aromatic substitutions such 
as nitration, the sulfonation reaction is reversible in the presence of water and at high 
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environment to drive the forward reaction and achieve better control of the degree of 
sulfonation. 
4.2.3.2. Direct vs. Post Sulfonation  
There are two routes for introducing sulfonic acid groups onto a polymer chain. 
The direct sulfonation method involves the sulfonation of monomer units that are later 
polymerized with other monomer units to produce an organized, non-random copolymer 
system. Direct sulfonation allows for the addition of more than one sulfonic acid group 
per repeat unit since many aromatic monomers have more than one feasible sulfonation 
site [44, 46, 66]. Therefore, the degree of sulfonation for a directly sulfonated polymer 
can be higher than 100 %. Directly sulfonated polymers can also display optimal phase 
separation for better performance. By controlling sulfonated and unsulfonated block 
lengths, ionic segments can align into hydrophilic domains for proton transport while 
non-ionic segments serve to reduce swelling and maintain mechanical support. 
However, the direct sulfonation method can become complex and costly for commercial 
scaling when considering multi-process procedures and the current lack of commercially 
available sulfonated monomers. 
Post sulfonation offers a simpler, more cost-effective alternative, since readily 
available high performance polymers can be used in the straightforward reactions with 
sulfonating agents. However, depending on the reaction conditions and the pairing of 
sulfonating agents and polymers, post sulfonation can produce serious defects in the 
polymer backbone through chain scissions. These defects significantly impact 
membrane mechanical properties and can not be completely avoided, even under 
relatively mild reaction conditions [67]. Post sulfonation can also cause cross-linking due 
to the formation of sulfonic acid bridges among polymer chains, but this can be avoided 
with appropriate choice of reaction conditions [68]. 
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4.2.3.3. Sulfonating Agents 
The traditional sulfonating agents for electrophilic aromatic substitution are 
sulfuric acid and fuming sulfuric acid (with sulfur trioxide). These reagents are 
inexpensive and due to their high reactivity can be used without heat in order to achieve 
desired degrees of sulfonation. Unfortunately the strength of these acids can also lead to 
significant chain cleavage and irreproducible sulfonation levels since polymer chains 
may phase separate from the reaction mixture [30, 69]. Also sulfuric acid produces water 
as a byproduct of sulfonation, which inhibits sulfonation, as mentioned previously. To 
avoid significant water accumulation during sulfuric acid sulfonations, high acid 
concentrations (i.e., 98 %wt) are typically used [70]. The use of chlorosulfonic acid is 
also an option, since it produces hydrochloric acid as a byproduct instead of water. 
However, chain cleavage, cross-linking, and phase separation remain issues [35, 71]. 
 Although fuming sulfuric acid may be too strong of a sulfonating agent for many 
polymers, SO3 can be used with triethyl phosphate (TEP) in solution to form a complex 
(SO3•TEP) that provides a much milder sulfonation environement. SO3•TEP has been 
shown to minimize cross-linking and cleavage, and the degree of sulfonation can be 
controlled by varying the ratio of SO3 to TEP [30, 37, 72, 73]. However, the toxicity of 
SO3 and the highly exothermic reaction that takes place with TEP could make industrial 
scaling very hazardous [70]. Some recent studies have shown that controlled aromatic 
sulfonation can be accomplished by metalation with n-butyllithium to produce a lithiated 
intermediate on aromatic rings that are more electron deficient than typical activated 
sites. The intermediate is converted to sulfonic acid by gassing with SO2, and then 
oxidizing with an oxidant such as H2O2, as illustrated in Figure 4-3 [36]. While metalation 
is currently the most efficient mechanism for post sulfonating electron deficient rings, the 

















































Trimethylsilyl chlorosulfonate (TMSCS) has become the preferred sulfonating 
agent for electrophilic aromatic substitution [35]. Like SO3•TEP, TMSCS provides a mild 
reaction environment, which significantly reduces or even eliminates chain cleavage and 
cross-linking [70, 74]. The trimethylsilyl sulfonated intermediate retains the hydrophobic 
characteristics of the original polymer and prevents precipitation that would typically 
occur with the use of strong concentrated acids. The intermediate can later be converted 
to its sulfonated salt or acid form by immersion in the necessary dilute ionic solution. The 
major drawback to using TMSCS is the cost of the sulfonating agent which is 
approximately 25 times higher than that of sulfuric acid. However, TMSCS does not 
need to be used in high molar excess to achieve high degrees of sulfonation since no 
water is produced during the reaction. Therefore, when considering the simplicity of this 
sulfonation procedure and possibility of using inexpensive solvents, industrial-scale 
TMSCS sulfonation of high performance polymers has the potential for being a cost-
effective method for producing commercial PEMs.  
4.2.4. Post Sulfonation of Matrimid® and Ultem® 
Ultem® polyetherimide (PEI, Figure 4-4) is a low cost, high performance polymer 
that is electrically insulating, and shows high mechanical and chemical stability up to 
170°C [75]. These features make Ultem® a good candidate for fuel cell applications, 
especially for high-temperature conditions. Some studies have demonstrated the 
performance of PEIs as stable host matrices for other sulfonated polymers and acid 
complexes [76-78], but very little has been reported on the use of sulfonated PEI [79]. 
Sulfonated PI is also a very good candidate material for fuel cell membranes, as 
mentioned previously. However, most studies on developing S-PI membranes use direct 
sulfonation, despite the complexities of scaling up the process [67]. It would therefore be 
more convenient to use a simple post sulfonation approach to modify currently available 
PIs. Matrimid® PI (Figure 4-4) is commonly used for gas separations and offers very 
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good thermal stability. Also, the chemical structure of this material is unique to the 
variety of PEMs previously discussed. The objective of this work was to explore the 
feasibility of sulfonating both Matrimid® and Ultem® using fuming sulfuric acid or TMSCS. 
Chemical properties, mechanical stabilities, and proton conductivities have been 





























Ultem®1000 PEI and Matrimid® 5218 PI were supplied by SABIC and Huntsman 
Advanced Materials, respectively. Both powders were dried overnight at 120 °C prior to 
sulfonation. TMSCS (99 %), dichloroethane (DCE, anhydrous and ACS reagent grade), 
sulfuric acid (puriss. p.a., 95-97 %), fuming sulfuric (ACS reagent grade, 20 % free 
SO3,), and sodium methoxide (ACS reagent grade) were all supplied by Sigma-Aldrich. 
1-Methyl-2-pyrrolidinone (NMP, production grade), phenolphthalein (1 %) and sodium 
hydroxide (ACS reagent grade) were obtained from VWR Scientific. Methanol (HPLC 
grade) was supplied by EMD Chemicals. Hydrochloric acid (ACS reagent grade) was 
obtained from Fischer Scientific. TMSCS and anhydrous dichloroethane were stored in a 
nitrogen glove box to prevent water contamination.  
4.3.2. Sulfonation Reactions 
4.3.2.1. Fuming Sulfuric Acid Sulfonation 
Polymer solutions in concentrated sulfuric acid were made at 10 – 20 wt% by 
adding the acid dropwise to the initially dried polymer over an ice bath to remove ecess 
heat released during dissolution. The solutions were mixed for at least 30 mins or until 
the solids completely dissolved into the sulfuric acid. If solids were still present in the 
mixture after 1 h, mild heat (~50 °C) was used until the mixture was homogeneous. 
Fuming sulfuric acid was then added dropwise to the polymer solutions over an ice bath 
at a ratio of 1:2, fuming sulfuric acid to sulfuric acid. The solutions were allowed to mix 
for 30 mins over ice before slowly ramping the temperature to 55 °C, where the solutions 
were then mixed for an additional 2 h. After slowly cooling to room temperature, the 
modified polymers were precipitated over ice and recovered by filtration. The solid was 
rinsed thoroughly in large quantities of deionized water until a neutral pH was achieved. 
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4.3.2.2. TMSCS Sulfonation 
A detailed procedure for TMSCS aromatic substitution has been previously 
reported for poly(ether ketone) and polysulfone derivatives [80], and has been adapted 
for use in this work. The polymer was dissolved in DCE at a concentration of 30 wt% 
under argon. A separate solution of 30 % TMSCS in anhydrous DCE was added to an 
addition funnel in the glove box and sealed under nitrogen before removing. Both 
solutions were made so that the mole ratio of TMSCS to polymer repeat unit was 1.1:1. 
The reaction vessel, which was continuously purged with argon, was charged with the 
polymer solution and fitted with the TMSCS addition funnel, a mechanical stirrer, and an 
acid trap containing an aqueous solution of sodium hydroxide with phenolphthalein. The 
TMSCS solution was added dropwise over period of 1h and the reaction was carried out 
for 72 h at room temperature. To complete the sulfonation reaction, a methanol solution 
with 30 wt% of sodium methoxide, in slight excess molar excess with respect to TMSCS, 
was added to the DCE solution. The sodium ion exchanges with trimethylsilyl groups on 
the sulfonated intermediate and neutralizes unreacted TMSCS. The solution was stirred 
for an addition 2 h before coagulating the mixture in an excess volume of methanol. The 
solid was filtered and rinsed thoroughly in methanol, and then deionized water until a 
neutral pH was achieved. The polymer salt was converted to its acidic form using a 1 M 
HCl at 60 °C, followed by thorough rinsing in deionized water until a neutral pH was 
achieved. The solids were then dried for at least 48 h at 60 °C under vacuum. 
4.3.3. Membrane Characterization 
4.3.3.1. Fourier Transform Infrared (FTIR) Analysis  
Films were casted as 20 wt% solutions in NMP and dried at 60 °C under vacuum 
for 48 h. FTIR spectra were collected using a VERTEX 80v and a Hyperion 3000 
Microscope with an attenuated total reflectance (ATR) attachment (Bruker Optics). 
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Spectra were collected at room temperature and pressure with 64 scans at a resolution 
of 4 cm-1. An air background was subtracted from all measurements. 
4.3.3.2. Conductivity 
Films used for FTIR analysis were later analyzed for proton conductivity. These 
measurements were performed with electrochemical impedance spectroscopy (EIS) 
using a customized, fully automated, high-throughput conductivity (HTC) measurement 
device, described in detail elsewhere [81]. Swollen film samples were placed in a well-
like, electrically insulating sample holder and held in place with a grid-like retention 
mechanism. The sample holder was filled with enough deionized water at room 
temperature to completely cover films and prevent dehydration. Before measuring 
conductivity, localized thickness measurements were taken using an Omega GP901-2 
linear displacement digital gauging probe with a flat-tip, 0.12 μm resolution, and low 
spring constant to reduce sample compression (Omega Engineering, Inc.). To measure 
conductivity, the hydrated membrane was excited with an alternating current (AC) signal 
from the outer point-electrodes of a commercially available, tungsten carbide 4-point 
probe head (Jandel Engineering Ltd.). The response voltage from this AC excitation was 
measured with the inner point-electrodes, allowing for the calculation of complex 
impedance. Since electrodes are equally spaced apart, proton conductivity was 







where σ is the membrane proton conductivity, Z is the membrane’s complex impedance, 
and h is the membrane thickness. All proton conductivity measurements were averaged 
over a 10 sec stabilization period at room temperature with an excitation signal of 1 kHz.  
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4.4. RESULTS AND DISCUSSION 
4.4.1.1. Fuming Sulfuric Acid Sulfonation 
Upon precipitating modified Ultem® over ice, it was observed that the product 
was highly soluble in water. In order to recover the reacted solids, a sample of the 
aqueous polymer solution was separated for liquid-liquid extraction with chloroform. 
Although unmodified PEI is soluble in chloroform, the modified product remained in the 
aqueous phase. For this reason, rotovapping was used at 60 °C for 5 – 8 h, but the 
solution began to foam before separation could occur. Foaming is typical in surfactant 
solutions with short chain oligomers [82, 83], suggesting that a large amount of 
backbone cleavage took place during the Ultem® reaction in fuming sulfuric acid. The 
solid that was recovered formed a very brittle film upon casting, and was therefore 
blended with unmodified Ultem® at S-PEI to PEI ratio of 1:3 for characterization. The 























The spectra suggest that the solid recovered from the reaction of Ultem® in fuming 
sulfuric acid was unsulfonated, despite its solubility in water. One possible explanation is 
that reaction conditions, i.e. temperature and time, were too mild for aromatic 
electrophilic attack. However, the evidence of chain cleavage suggests that these 
reaction conditions are too harsh. Therefore, fuming sulfuric acid may favor PEI 
cleavage before aromatic sulfonation, making this reaction method undesirable for 
Ultem® modifications. Another possibility is that the sulfonated product remained in the 
aqueous phase during rotovapping, so that only unreacted solid was recovered, which 
was still subjected to substantial chain cleavage based on mechanical stability. Although 
non-aqueous rinsing may have been beneficial for product recovery, the recovery of 
unreacted, mechanically unstable polymer would show that the fuming sulfuric acid 
reaction took place heterogeneously. Therefore, it would be difficult to control the degree 
of PEI sulfonation using fuming sulfuric acid. 
 The solids from the Matrimid® reaction in fuming sulfuric acid were also soluble in 
water, but could be easily recovered using liquid-liquid extraction with chloroform. The 
product formed a rigid solid at the water-chloroform interface that was filtered, rinsed 
with chloroform, and dried. The modified Matrimid® films were extremely brittle, even for 
thicknesses > 300 µm. A film was made by blending the original polymer with the 
reacted polymer at 25 wt% of the latter. The FTIR spectra for pure Matrimid® and the 


























As a result of the sulfuric acid treatment, a peak appears at 1030 cm-1, which has been 
assigned to the symmetric stretching of the sulfonate group [84]. Therefore, fuming 
sulfuric acid treatment is an effective method of adding sulfonic acid groups to Matrimid®. 
As mentioned previously, typical sulfonation sites on a polymer are electron rich and 
stabilized through aromatic resonance. Based on the structure of the polymer repeat 
unit, the sulfonation site is mostly likely located on either of the two aromatic rings not 
associated with the diamine. Solid state NMR should be used to verify the site of 
aromatic sulfonation. 
 In both cases, the mechanical instability of the reacted polymers after solvent 
casting was an issue. For modified Ultem®, where no sulfonation could be detected with 
FTIR, the instability of the film was most likely due to excessive chain cleavage. For 
Matrimid®, chain cleavage was also likely, but studies have shown that increased 
sulfonation generally weakens a polymer’s mechanical properties even when cleavage is 
minimized [14, 35, 85]. It is also possible that cross-linking occurred during the 
sulfonation reactions. These phenomena should be further investigated with gel 
permeation chromatography to evaluate possible cleavage, and differential scanning 
calorimetry to evaluate possible cross-linking. 
 For both modified products, the ionic conductivities of the polymer blends were 
less than < 1 mS/cm. This was expected for modified Ultem®, due the lack of sulfonic 
acid moieties shown by FTIR. For sulfonated Matrimid® the lack of ionic conductivity 
could possibly be explained by extensive phase separation between the sulfonated and 
unsulfoned PI components which was visible to the eye. This phase separation can lead 
to anisotropic water uptake, which has been previously suggested to reduce ionic 
transport [86]. To determine if increasing the concentration of S-PI would affect 
conductivity, a moderately stable polymer blend was made with 40 wt% of the modified 
component, but this film showed no improvements in ionic conductivity. Another possible 
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explanation for lack of conductive properties is that the sulfonated polymer phase 
leaches from the film during swelling due to its water solubility. While no optical changes 
were observed in the aqueous swelling solution, further chemical analysis, such as pH or 
ion chromatography, should be investigated for future experiments. 
4.4.1.2. TMSCS Sulfonation 
Ultem® PEI was selected for sulfonation with TMSCS since fuming sulfuric acid 
proved to be ineffective. The reacted solid was immiscible in methanol and water even 
after protonation. Films casted from the TMSCS product (~40 µm thick) were more 
mechanically stable than those films from fuming sulfuric but were still too fragile for 
handling. FTIR spectra were collected on a film made with pure S-PEI as well as a film 
made with 1:3 ratio of S-PEI to PEI (see Figure 4-7). The pure S-PEI product shows 
evidence of sulfonation with the appearance of bands at 1090 and 1160 cm-1, and the 
broadening of the peak at 1025 cm-1. These bands have been previously assigned to the 
asymmetric and symmetric stretching of the sulfonate group [79, 87]. The blended 
sample, however, shows no evidence of aromatic sulfonation, possibly due to phase 
separation between the sulfonated and unsulfonated polymers. The degree of phase 
separation needs to be evaluated with scanning electron microscopy to see if sulfonic 
acid aggregation appears beneath the surface of the film beyond the penetration depth 
of the ATR (on the order of 102 nm). Still, based on the ease of recovery of the reacted 
solid, it is believed that TMSCS is a good sulfonating agent for Ultem®, causing less 
























Figure 4-7: FTIR spectra of Ultem® PI before and after reacting with TMSCS.  
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The polymer blend and pure modified polymer films both displayed poor 
conductivity < 1 mS/cm. Low proton conductivity can be explained by possibility of 
insufficient protonation of the sulfonic acid groups during ion exchange with 1 M HCl. 
Since the reacted solids did not dissolve or swell in the aqueous acidic solution, it is 
possible that the heterogeneous mixture provided limited ion exchange between phases. 
To quantify the effectiveness of the protonation step in the future, the protonated solid 
should be converted back into a sodium salt in a concentrated solution of sodium 
chloride, which could then be titrated with base to determine the moles of neutralized 
protons. Other solvents can also be used for ionic exchange, such as NMP and 
dimethylacetamide, which both dissolve S-PEI. However the solvent interactions with 
proton-donating acids need to be evaluated. Poor ionic transport through the sulfonated 
films could also be explained by poor phase separation between hydrophobic and 
hydrophilic chain segments, which might prevent water uptake. Swelling experiments will 
need to be conducted to determine if these sulfonated or partially sulfonated films have 
an affinity for water. Finally, low conductivities for sulfonated amine-based polymers may 
be attributed to a strong interaction between protons and nitrogen atoms, which could 
significantly reduce proton mobility. This phenomenon has been suggested by other 
researchers who found that the conductivity of some S-PBI membranes were very low 
on the order of 10-1 mS/cm up to 66 % sulfonation [88]. Other researchers have also 




Electrophilic aromatic sulfonation provides a potentially cost-effective approach 
to converting low-cost, high performance polymers into PEMs to replace conventional 
PFSAs in fuel cells. A variety of sulfonated aromatic-based polymers and numerous 
sulfonation methods have been reviewed here. Two sulfonation procedures were used 
to evaluate the feasibility of electrochemically enhancing a commercially available PI and 
PEI. The fuming sulfuric acid method was effective in sulfonating Matrimid® PI, but the 
reacted polymer formed brittle films that were too fragile for further handling. Although 
many polymers have been observed to show reduced mechanical strength with an 
increase in the degree of sulfonation, degraded mechanical properties could be the 
result of a combination chain cleavage and sulfonate cross-linking. Ultem® PEI also 
showed poor mechanical stability after being reacted in fuming sulfuric acid, but this 
change was attributed to significant chain cleavage since the modified polymer dissolved 
easily in water and FTIR spectra showed no evidence of sulfonation in blended films. 
The results from Ultem® sulfonation with TMSCS were significantly better, with much 
improved mechanical stability and sulfonic acid addition as determined by FTIR. Due to 
the mild conditions of the reaction, TMSCS is the preferred sulfonation method for PEI. 
Still the proton conductivity of this polymer and all others were < 1 mS/cm. The low 
conductivity may be due to poor phase separation limiting the sulfonic acid pathways 
through films, or limited proton mobility due to possible sulfonic acid interactions with 
nitrogen groups. Although the work presented here is only a brief assessment of 
sulfonation strategies and potential PEMs, future detailed studies should include 
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The increasing focus on proton exchange membrane fuel cells (PEMFCs) for 
potential automotive applications has brought about a significant research effort for 
developing highly functional but low cost polymeric materials to replace the state-of-the-
art perfluorosulfonic acid (PFSA) membranes currently used in PEMFCs. One approach 
to achieving this goal is to modify commercially available, high-performance, 
hydrocarbon polymers using a simple post sulfonation reaction to add proton-conducting 
groups to the activated aromatic rings of the polymer backbone. This study investigates 
the use of trimethylsilyl chlorosulfonate (TMSCS) as a sulfonating agent to functionalize 
a commercially-available polyetherimide (PEI), an amorphous thermoplastic currently 
used in a broad range of high temperature applications. We have attempted to achieve 
balanced electrochemical and mechanical properties by optimizing polymer blends of 
PEI with highly sulfonated PEI (S-PEI). Films were characterized for blend compatibility, 
annealing effects, and performance properties using a combination of characterization 
techniques including scanning electron microscopy, water uptake, and high-throughput 
mechanical and conductivity testing. While the overall performance properties were less 
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than those of comparable PFSAs, the PEI/S-PEI combination did display optimal 
mechanical and electrochemical characteristics between 20 and 30 % S-PEI, thus 
demonstrating the potential for using post-sulfonation and polymer blending with lower-
cost, high-performance polymers to develop novel membrane systems. 
 
5.1. INTRODUCTION 
If PEMFCs are to be commercially successful as automotive power sources in 
the near future, they will need to demonstrate high performance over a broad range of 
operating temperatures. Unfortunately, the conventional PFSA polymers currently used 
as PEMs are severely limited in performance at operating temperatures above 80 °C. 
These limitations have stimulated a variety of approaches in developing alternative PEM 
materials. One strategy that many researchers are currently investigating is the use of 
aromatic electrophilic substitution to add proton conducting sulfonic acid groups to low 
cost, high-performance polymers. This method has been used to produce a number of 
materials that show promising performance characteristics over conventional PFSAs [1-
10]. While a higher degree of sulfonation offers improved ionic conductivity, it also 
deteriorates mechanical properties with excess water, which results in poor long-term 
performance. To balance and optimize electrochemical properties and mechanical 
stability, one can vary the degree of sulfonation by tuning sulfonation reaction variables 
such as the choice of sulfonating agent, the reaction temperature, and the reaction time. 
Unfortunately, identifying the relationships among these variables can be a difficult task, 
further complicated by the need to minimize sulfonation side reactions such as polymer 
chain cleavage and cross-linking [1].  
As an alternative to managing sulfonation reactions directly, highly sulfonated ion 
conductive polymers can be incorporated into polymer blends with unmodified high-
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performance polymers for improved mechanical stability. Polymer blending is an 
economical approach to combining the favorable properties of multiple polymers into a 
single system. By adjusting relative compositions, blended materials can be optimized 
for fuel cell performance without extensive synthetic procedures. Numerous studies have 
reported the use of polymer blending with sulfonated components to produce new 
PEMs. These blends include the combination of sulfonated polymers such as sulfonated 
poly(ether ether ketone) (S-PEEK), sulfonated polysulfone (S-PSU), and sulfonated 
poly(phenylene oxide) (S-PPO) with materials such as poly(ether sulfone) (PES), 
polysulfone (PSU), poly(ether imide) (PEI), polyamine (PA) and polybenzimidazole (PBI) 
[2-8]. Although, many promising polymer combinations have been derived for fuel cell 
applications, none have surpassed the performance of conventional PFSAs. However, 
there are still an enormous variety of polymer blend combinations that have yet to be 
explored. 
One critical aspect to polymer blending is the compatibility of each component. 
Solubility of polymer components in the solution phase is critical and can be adjusted 
with the proper choice of solvent. In the solid state, achieving a precise degree of 
nanoscale phase separation (<100 nm) is especially important so that sulfonated groups 
are able to organize into ion conducting domains for proton transport [9]. However, 
microphase separation (>500 nm) can lead to anisotropic swelling, poor mechanical 
properties, and poor electrochemical performance [10]. To control and limit phase 
separation in polymer blends and maintain solution miscibility, we have investigated the 
compatibility and functionality of chemically similar polymer blends consisting of PEI and  
S-PEI. The sulfonating agent used to functionalize PEI was trimethylsilyl chlorosulfonate 
(TMSCS), which provides a mild reaction environment with minimal side-reactions [11]. 
The TMSCS sulfonation reaction also produces a trimethylsilyl-capped intermediate, 
which keeps the functionalized polymer in the reaction phase and may improve blend 
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miscibility and interfacial interaction with the non-functionalized component. We have 
also explored the use of thermal annealing above the glass transition temperature (Tg) of 
PEI, which is approximately 215 °C [2], in order to adjust the degree of phase separation 
and resulting morphology of the cast blends [12, 13]. Annealing is often important in 
solvent-cast PEIs to improve chemical, thermal, and mechanical stability via 




Ultem®1000 PEI was supplied by SABIC. TMSCS (99 % purity), dichloroethane 
(DCE, anhydrous and ACS reagent grade), and sulfuric acid (puriss. p.a., 95-97 %) were 
all supplied by Sigma-Aldrich. N-methyl-2-pyrrolidinone (NMP, production grade), 
phenolphthalein (1 %) and sodium hydroxide (ACS reagent grade) were obtained from 
VWR Scientific. TMSCS and anhydrous dichloroethane were stored in a nitrogen glove 
box to prevent water contamination. 
5.2.2. Sulfonation Reactions 
A detailed procedure for TMSCS aromatic substitution has been previously 
reported for poly(ether ketone) and polysulfone derivatives [15], and has been adapted 
for use in this work. PEI granules were dried overnight at 120 °C, after which they were 
dissolved in DCE at a concentration of 30 wt% under argon. A separate solution of 
30 wt% TMSCS in anhydrous DCE was added to an addition funnel in the glove box and 
sealed under nitrogen before removing. Both solutions were made according to a mole 
ratio of 1.1:1, TMSCS to the PEI repeat unit. The reaction vessel, continuously purged 
with argon, was charged with the PEI solution and fitted with the TMSCS addition funnel, 
a mechanical stirrer, and an acid trap containing 1 M aqueous sodium hydroxide. The 
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TMSCS solution was added dropwise over a period of 1 h and the reaction was carried 
out for 5 days at room temperature. The product mixture was coagulated in excess 
deionized water, and allowed to soak in deionized water for 48 hrs before filtering. The 
trimethylsilyl substituted PEI was dried under vacuum at 50 °C for 3 days to remove 
water from the modified polymer. 
5.2.3. Membrane Fabrication 
5.2.3.1. Film Casting, Protonation, and Thermal Annealing 
All pure and polymer blend solutions were made with 20 wt% solids in NMP and 
S-PEI dry weight fractions ranging from 10 to 60 %. Solutions were mixed for 2 days at 
room temperature, followed by sonication for 3 hrs at 50 °C, then additional mixing for 
24 h. Films were casted on untreated glass plates at room temperature using a bird-type 
film applicator. Since water absorbs quickly into the solvent under atmospheric 
conditions and can lead to heterogeneous membrane morphologies, casted films were 
immediately dried under vacuum at 60 °C for 48 h to remove solvent. Films detached 
naturally from their glass substrates under ambient conditions. The free standing 
polymer samples were soaked in deionized water at 60 °C for 2 h to remove any residual 
solvent. In order replace trimethylsilyl groups with protons, films were immersed in 0.5 M 
H2SO4 for 2 h at 60 °C. Samples were rinsed thoroughly with deioniized water until a 
neutral pH was achieved, then stored in deionized water for characterization. A sample 
from each protonated film was thermally annealed for 3 days at 230 °C under vacuum, 
and then allowed to cool to room temperature overnight under vacuum. 
As references for imaging purposes, two additional films were casted with S-PEI 
that was protonated prior to being dissolved in NMP solutions. The S-PEI solid was 
converted to its acid form using the same protonation procedure described above; with 
additional deionized water rinsing and vacuum drying at 40 °C to remove water. The film 
casting and drying procedures were also the same for these blends. 
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5.2.4. Membrane Characterization 
5.2.4.1. Ion Exchange Capcaity and Degree of Sulfonation 
The degree of sulfonation was determined by titration. A sample of the 
protonated film with 100 wt% S-PEI was dried overnight under vacuum at 50 °C to 
remove all water before weighing. The sample was deprotonated in an aqueous solution 
of concentrated NaCl with phenolphthalein at 60 °C for 2 h. The solution was then 
titrated with an aqueous solution of 0.0635 M NaOH until equilibrated. The ion exchange 
capacity (IEC) is expressed as milliequivalents of sulfonic groups per gram of dry 
polymer. The degree of sulfonation is expressed as the moles of sulfonic acid groups per 
moles of polymer repeat units using a 100 % sulfonated mass basis. 
5.2.4.2. Fourier Transform Infrared (FTIR) Analysis  
FTIR spectra were collected using a VERTEX 80v and a Hyperion 3000 
Microscope with an attenuated total reflectance (ATR) attachment (Bruker Optics). 
Spectra were take at room temperature and pressure with 64 scans at a resolution of 4 
cm-1. An air background was subtracted from all measurements. 
5.2.4.3. Scanning Electron Microscopy (SEM) 
High resolution images of blended films were obtained using a LEO 1530 
thermally-assisted field emission scanning electron microscope (SEM), operated at 
10keV. Samples were cryogenically broken in liquid nitrogen and metalized using gold or 
copper sputtering prior to imaging. 
5.2.4.4. Conductivity 
Proton conductivity measurements were performed with electrochemical 
impedance spectroscopy (EIS) using a customized, fully automated, high-throughput 
conductivity (HTC) measurement device, described in detail elsewhere [16]. Swollen film 
samples were placed in a well-like, electrically insulating sample holder and held in place 
with a grid-like retention mechanism. The sample holder was filled with enough 
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deionized water at room temperature to completely cover films and prevent dehydration. 
Before measuring conductivity, localized thickness measurements were taken using an 
Omega GP901-2 linear displacement digital gauging probe with a flat-tip, 0.12 μm 
resolution, and low spring constant to reduce sample compression (Omega Engineering, 
Inc.). To measure conductivity, the hydrated membrane was excited with an alternating 
current (AC) signal from the outer point-electrodes of a commercially available, tungsten 
carbide 4-point probe head (Jandel Engineering Ltd.). The response voltage from this 
AC excitation was measured with the inner point-electrodes, allowing for the calculation 
of complex impedance. Since electrodes are equally spaced apart, proton conductivity 






≈  Equation 5-1
where σ is the membrane proton conductivity, Z is the membrane’s complex impedance, 
and h is the membrane thickness. All proton conductivity measurements were 
determined at room temperature with an excitation signal of 1 kHz and averaged over a 
15 s stabilization time period. 
5.2.4.5. High-Throughput Mechanical Tests 
Polymer blends were characterized for mechanical strength in the wet and dry 
state using a custom, fully automated, high-throughput mechanical testing apparatus 
(HTMECH). A detailed description of HTMECH is described elsewhere [17] and a basic 
overview of the instrument is given here. Samples were mounted between two steel 
plates perforated with a 10 x 10 grid of holes that are 3.00 mm in diameter. The sample 
holder is affixed to a linear motor that moves along the z-axis. At the base of the 
instrument is a hemispherical-tip needle (1.00 mm in diameter) connected to a force-
sensitive load cell that moves along the x and y-axis. After the needle was positioned 
below the desired sample location on the grid, the holder was brought down to the 
158 
needle at a velocity of 10 mm/s. Sample indentation generates a force vs. time profile 
that describes the evolution of axisymmetric biaxial deformation and failure. Analysis of 
this profile was performed using a customized algorithm that allows for the assessment 
of properties such as tensile strength, ultimate elongation, and toughness. All 
mechanical characterization tests were performed under ambient conditions. 
5.2.4.6. Water Uptake 
 Dried samples were weighed prior to being immersed in deionized water 
overnight at 60 °C. After cooling to room temperature, swollen films were lightly blotted 
with to remove excess water before quickly measuring mass again. Fractional water 










where qm is fractional water uptake, and m is the film mass. 
 
5.3. RESULTS AND DISCUSSION 
5.3.1. PEI Sulfonation and Membrane Fabrication 
The PEI product formed a continuous, stable solid once coagulated in deionized 
water. It also displayed a noticeable affinity to water as observed by the transition from 
flexible polymer to a brittle powder after drying. The dried product was added to 
numerous solvents to test for solubility changes as a result of the TMSCS reaction. It 
was observed that the modified polymer was no longer soluble in chloroform, but 
dissolved easily in tetrahydrofuran (THF), which is not a good solvent for PEI. The 
modified polymer’s miscibility in THF increased with the addition of small amounts of 
water, which was evident by the change in the solution’s optical properties from hazy 
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and white to clear. The changes in solvent miscibility and the enhancement of solid’s 
solubility in THF with water addition suggest that PEI was successfully functionalized 
with TMSCS. Titration of the sulfonated solid provided an IEC of 1.43 meq/g and a 
degree of sulfonation equal to 96 %. 
 The modified polymer was casted from a solution with NMP to form a 
mechanically unstable film with a thickness over 1 mm. The FTIR spectrum for the 
sulfonated PEI capped with trimethylsilyl groups is shown in Figure 5-1, along with the 
original, unmodified polymer. New absorbance peaks appeared at 1090 and 1020 cm-1, 
indicating the addition of sulfonate groups to the polymer backbone [7, 18-20]. Another 
new group of bands appeared in the wavelength range of 1630 to 1690 cm-1. These 
bands may be related to the trimethylsilyl capping group since they disappear after 
protonation, as discussed later. Since TMSCS does not show any vibrational bands in 
the range 1630 to 1690 cm-1, the peaks may have been the result of trimethylsilyl 




















Polymer solutions containing both PEI and trimethylsilyl-capped S-PEI in NMP 
were homogenous and clear only up to 30 % S-PEI by dry mass. Beyond that 
composition, the solutions separated into two visibly distinct liquid phases, an S-PEI-rich 
phase and a more viscous PEI-rich phase. The heterogeneous solutions were heated to 
60 °C and sonicated for an extra 24 h, but settled into their original state after 1 h at 
room temperature. Additional solutions were made with solid mass fractions 30 and 
50 % S-PEI using S-PEI solids that were protonated with dilute sulfuric acid prior to 
mixing. The solution with the solid composition of 30 % S-PEI was clear, but the solution 
with 50 % S-PEI contained a noticeable amount of solids that would not dissolve after 
extended sonication for 48 h. Therefore, the trimethylsilyl group did enhance the 
solubility of S-PEI in NMP in the blend solution. 
It was also observed that a solution of 20 wt% pure S-PEI in NMP was less 
viscous than a solution of PEI with the same concentration, suggesting a possible loss in 
molecular weight from of chain scissions during the TMSCS sulfonation reaction [21, 22]. 
However, the change in viscosity may be directly related to the presence of functional 
groups on the S-PEI backbone. While numerous studies have shown that the viscosity of 
directly sulfonated polymers increases with the degree of sulfonation and IEC [22-24], 
another study has shown that viscosity of directly sulfonated polymers can be lower than 
their unsulfonated counterparts if completely saturated with sulfonic acid groups [25]. 
Furthermore, it is well known that the hydrodynamic behavior of polyelectrolytes are 
completely different from that of non-ionic polymers since chain conformations vary 
based on intramolecular interactions and chain-to-chain interactions [21]. Therefore, gel 
permeation chromatography (GPC) may be a more suitable approach for determining 
the extent of chain cleavage in completely sulfonated polymers. However, this 
characterization technique is limited by the solubility of both the sulfonated and 
unsulfonated polymers in a common GPC eluent. 
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Solvent-cast blend films were visibly homogeneous but opaque at 10 and 20 % 
S-PEI, despite the clarity of the individual pure films. The film consisting of 30 % S-PEI 
was translucent but not uniform in optical clarity. Films made with 40 and 50 % S-PEI 
displayed obvious macro-phase separation like their original solutions. One phase 
remained strongly adhered to the glass substrate and the other phase was easily lifted. 
At 60 %wt, the PEI-rich phase formed disconnected islands on the glass substrate, so 
neither phase could be recovered or characterized. All free standing films up to 30 % S-
PEI had average thicknesses ranging from 38 to 71 µm with standard deviations up to 5 
µm. The free standing films at 40 % and 50 % S-PEI were much thicker on average at 
89 and 101 µm, respectively, but also had very high thickness variability with standard 
deviations around 25 µm. 
5.3.2. FTIR Analysis of Polymer Blends 
FTIR measurements were taken at multiple locations on each sample. Despite 
the lack of optical uniformity in some films, all spectra for each sample were identical. 
The absorbance data for membranes with varying S-PEI concentrations before and after 
film protonation are shown in Figure 5-2. As could be expected, the peaks representing 
sulfonate and possible trimethylsilyl groups increase with S-PEI concentration. Although 
the films with higher S-PEI content were heterogeneous, the PEI-rich phases did contain 
significant quantities of the sulfonated polymer, showing that a miscibility limit exists for 
S-PEI / PEI blends. 
With exception to the 50 % S-PEI film, sulfonate peaks are unaffected by 
protonation. In all cases, protonation did remove those bands between 1630 and 
1690 cm-1 thought to be associated with interactions between trimethylsilyl groups and 
other components on the polymer backbone. Therefore, the protonation procedure was 
effective in converting S-PEI to its acid form. For the 50 % S-PEI film, protonation 
caused the loss of sulfonic acid functionality, which could be explained by the instability 
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or poor interfacial interaction of the saturated S-PEI phase in the free standing polymer. 
It is therefore possible that the extent of S-PEI aggregation was so high that the 





























Thermal annealing experiments resulted in dark, transparent membranes at 10 – 
30 % S-PEI. The films made with 40 and 50 % S-PEI were more rigid and had increased 
surface roughness that indicated the formation of gas during annealing. These features 
all suggest thermal-induced desulfonation. The removal of sulfonic acid groups was 
confirmed with FTIR (see Figure 5-3) showing that the chemistry of each blended film 
was identical to the original PEI as a result of the annealing process. Desulfonation has 
been observed in previous studies that evaluated the thermal properties of sulfonated 
polymers such as S-PSU [20, 26], S-PI [27], S-PEEK [28], and others [29-31]. These 
studies reported desulfonation temperatures as low as 200 °C, where the lower 
temperatures were attributed to the instability of sulfonic acid attachment to activated 
phenyl rings, as opposed to deactivated phenyl ring attachment which has been shown 
to be more thermally stable [32-34]. Therefore, S-PEI desulfonation limits the use of high 
thermal annealing to improve phase interaction between the blend components. To 
improve the thermal stability of the sulfonate groups on the S-PEI polymer structure, 
alternative post-sulfonation methods should be investigated that allow for substitution on 

















Figure 5-3: FTIR spectra of PEI/S-PEI polymer blend films after thermal annealing at 230 °C 




5.3.3. SEM Analysis of Blend Morphologies 
Representative cross-sectional SEM images of protonated blends before and 
after annealing are shown in Figure 5-4 through Figure 5-8. Phase separation was 
observed even at the lowest concentration of S-PEI, which displayed a composite-like 
morphology. The average cross-sectional diameter of S-PEI aggregates were 2 – 3 µm 
for the 10 % S-PEI film and grew progressively larger and more disperse in size with 
increasing S-PEI concentration. The unannealed films all displayed poor adhesion at the 
PEI/S-PEI interfaces, indicated by the void space separating the two phases. These 
morphologies were almost identical to the two films made with protonated S-PEI solids 
prior to film casting (see Figure 5-9 and Figure 5-10), although for the films made with 
50 % S-PEI, the protonated film showed more uniformity than that made with pre-
protonated solid. Therefore, the use of trimethylsilyl groups to cover sulfonated 
functionalities was ineffective in improving interfacial contact and may have been mildly 
effective in improving film uniformity at higher S-PEI concentrations. 
Annealing proved to significantly enhance all polymer blend morphologies, as 
shown by the improved interfacial contact between sulfonated and unsulfonated 
domains. However, the improvement was a combined result of desulfonation, which 
converted S-PEI back to PEI, and polymer chain reorganization made possible by 
annealing close to the Tg of PEI. In all cases the void spaces were significantly reduced 
or completely removed after annealing. The gas released from desulfonation only 
created large pores (> 20 µm in diameter) in the annealed films made at 40 and 50 % S-
PEI, which are not displayed in SEM micrographs. It is likely that smaller voids 





Figure 5-4: Cross-sectional SEM images of PEI/S-PEI blend films with 10 % S-PEI. The film 





Figure 5-5: Cross-sectional SEM images of PEI/S-PEI blend films with 20 % S-PEI. The film 
was protonated after casting. 
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Figure 5-6: Cross-sectional SEM images of PEI/S-PEI blend films with 30 % S-PEI. The film 





Figure 5-7: Cross-sectional SEM images of PEI/S-PEI blend films with 40 % S-PEI. The film 
was protonated after casting. 
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Figure 5-8: Cross-sectional SEM images of PEI/S-PEI blend films with 50 % S-PEI. The film 





Figure 5-9: Cross-sectional SEM images of PEI/S-PEI blend films with 30 % S-PEI. The S-
PEI solid was protonated before making solutions for film casting. 
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Figure 5-10: Cross-sectional SEM images of PEI/S-PEI blend films with 50 % S-PEI. The S-




5.3.4. Water Uptake 
Swelling experiments were used to determine the effect of sulfonation on water 
uptake in blended films, and the results are shown in Figure 5-11. Before annealing 
protonated films, water uptake remained low overall (< 20 wt% water in the dry polymer) 
but did show a proportional trend with S-PEI content up to 30 % S-PEI. Since water 
uptake should scale with sulfonic acid concentration up to complete sulfonation [35], the 
restriction of water uptake in the heterogeneous films with 40 and 50 % S-PEI is further 
evidence of a miscibility limit for S-PEI in PEI. Water uptake in the annealed blends 
overall remained low due to desulfonation from high-temperature annealing.  
  
a) Unannealed b) Annealed
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Figure 5-11: Water uptake from swelling experiments in PEI/S-PEI polymer blends before 




5.3.5. Mechanical Properties 
The indentation force data for annealed blends were all beyond the 
measurement limits of the HTMECH instrument (~ 35 N), showing that thermal annealing 
above the Tg of PEI was effective in increasing the mechanical strength of the polymer 
blends. The mechanical properties of the pure PEI film also improved somewhat after 
annealing, but the force data for this film was well within the measurement range of 
HTMECH. The considerable change in mechanical properties from the annealed PEI to 
the annealed blends with low S-PEI content indicates that presence of S-PEI during the 
annealing process had a significant effect on chain reorganization, which may have been 
induced by desulfonation. It should also be noted that although mechanical data could 
not be obtained for the annealed blends, the elastic properties of those films did not 
seem to be significantly different from that of the annealed PEI film. 
The films made with 40 and 50 % S-PEI became more brittle after annealing as a 
result of large pore structures throughout the film thickness. The mechanical properties 
of unannealed, protonated polymer blends in the wet and dry states are shown in Figure 
5-12 through Figure 5-15 for S-PEI concentrations varying from 0 to 50 %. The trends for 
normalized maximum force, ultimate tensile strength, and toughness show that 
increasing S-PEI content decreases the mechanical stability of the PEI/S-PEI blends, as 
expected. This destabilization was due to the weak mechanical properties of the pure S-
PEI film. However, the strength and toughness of the wet and dry films only decreased 
until 30 % S-PEI and remained relatively stable thereafter. This plateau in mechanical 
strength at higher S-PEI concentrations is further evidence of the limited blend miscibility 
and S-PEI saturation in the PEI-rich phase. The ultimate elongation of the polymer also 
decreased with S-PEI concentration, but unlike other mechanical properties mentioned 
previously, the film ductility was minimized at 30 % SPEI and increased slightly at the 
higher concentrations. This effect may be a result of immiscible S-PEI-rich phase 
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entrapped in the film, which could introduce voids to the membrane structure due to poor 
interfacial adhesion with the PEI-rich phase. As shown in previous work with poly(methyl 
methacrylate) films, the presence of voids in polymer structures may improve the 
ductility of some materials [36, 37]. 
Absorbed water is well-known to act as a plasticizer in polymers, resulting in 
deteriorated mechanical strength [38-40]. The mechanical data from this study is 
consistent with the plasticization effect of water. However, as shown by the lower 
ultimate elongations of swollen samples, water does not seem to increase the overall 
mobility of the polymer chains. Instead, the observed loss of mechanical strength with 
water sorption may be the combined result of plasticization and high interfacial tension 
between both polymer phases created by swelling of S-PEI regions. Water uptake also 
restricted the ultimate elongation in the pure PEI film, showing that absorbed water could 
inhibit film ductility by limiting polymer chain mobility. This would be possible if water 
molecules formed ionic bridges between polymer chains through hydrogen bonding with 






























Figure 5-12: Normalized maximum force of protonated PEI/S-PEI blends before annealing. 
Error bars represent 95 % confidence intervals. 
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Figure 5-13: Ultimate tensile strenght of protonated PEI/S-PEI blends before annealing. 




























Figure 5-14: Toughness of protonated PEI/S-PEI blends before annealing. Error bars 





























Figure 5-15: Ultimate elongation of protonated PEI/S-PEI blends before annealing. Error 




5.3.6. Conductive Properties 
Ionic conductivities for the PEI/S-PEI blends are shown in Figure 5-16. Although 
pure PEI is hydrophobic, the film displayed conductivity values close to 1 mS/cm in liquid 
water at room temperature. The mild conductive properties of PEI is are most likely due 
to trace amounts of NMP that remained in the polymer after exposure to the mildly acidic 
ion-exchange solution and rinsing. The conductivity of PEI was also measured in the dry 
state under ambient conditions and was an order of magnitude lower than the swollen 
film (0.16 ± 0.01 mS/cm), which could suggest that water binds to electron-rich groups 
on polymer backbone to provide mild proton transporting characteristics. The 
conductivities of swollen blends with 10 and 20 % S-PEI did not deviate significantly 
from the pure swollen PEI film, which may be due to the high degree of phase 
separation between PEI and S-PEI. It is likely that microphase separation at low S-PEI 
concentrations is not suitable for ionic channel formation through the film, since phase 
continuity could not be achieved through the thickness of the film.  
A significant increase in conductivity at 30 % S-PEI was observed. Although still 
almost two orders of magnitude lower than the conductivities of some commercially 
available PFSAs, the trend in conductivity up to 30 % S-PEI is consistent with trends in 
mechanical properties, observed blend miscibilities, and water uptake properties. The 
ionic conductivities after 30 % S-PEI drop back to that of the non-functionalized polymer 
or lower, most likely due to high degrees of phase separation leading to poor proton 
transport, and the effects of increased film thickness, which can also limit proton 
transport with respect to the formation of ionic channels [41]. These trends suggest that 
the PEI/S-PEI blend can be optimized for maximum performance between 20 and 40 % 
S-PEI. Although percolated networks for proton transport began to form with increasing 





























Polymer blends of PEI and S-PEI were made in order to develop an optimized 
membrane with combined electrochemical and mechanical properties. Titration showed 
that the S-PEI, made by exposing PEI to TMSCS, had a degree of sulfonation of 96%, 
but the solid and film casted from NMP had very poor mechanical stability, thus requiring 
the addition of a more stable component. The use of trimethylsilyl intermediate improved 
the solubility of S-PEI in NMP in the blended solutions, but had little to no effect on 
membrane morphologies compared with membranes made from protonated S-PEI 
solids. As expected, the mechanical properties of the blends decreased and water 
uptake increased with S-PEI content. However, these properties all stabilized at 30 %  
S-PEI, indicating saturation of the S-PEI phase in PEI. Most likely, the S-PEI aggregate 
regions, which were observed even at 10 % S-PEI using SEM, grew large enough to 
form macrophase structures, which were obvious to the eye in blend solutions and 
membranes made with 40 and 50 % S-PEI. Phase aggregation also limited water uptake 
and proton transport since a continuous, percolated network of sulfonic acid groups 
could not be established at higher concentrations before macro-phase separation 
occurred. Conductivity values were much lower than commercial PFSAs overall but 
showed some improvement at 30 % SPEI. Therefore, although the performance 
characteristics are not suitable for fuel cell applications, a blend concentration between 
20 and 30 % S-PEI seems to show the best combination of electrochemical and 
mechanical properties. 
Annealing the polymer blends around the Tg of PEI caused desulfonation of S-
PEI. Since the functional groups were removed and chains were able to reorganize into 
more ordered structures, the initial void spaces between phases in the unannealed films 
were significantly reduced or completely removed. It was also observed that the 
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nonporous annealed blends had much better mechanical strengths than the pure 
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Chapter 6                            
Conclusions and 
Recommendations                   




The need for low-cost, high-performance polymers in proton exchange 
membrane fuel cells (PEMFCs) has motivated the use of combinatorial synthesis and 
high-throughput screening for efficiently discovering structure-property relationships 
while developing novel membrane materials. To meet the growing need for high-
throughput polymer characterization techniques, a high-throughput mass transport assay 
(HT-MTA) has been developed that is capable of measuring the flux and permeability of 
fluids at multiple sample locations using a low-cost design with rapid pseudo steady-
state results compared to conventional mass transport analysis methods. The 
functionality of HT-MTA has been demonstrated with water pervaporation through a 
number of proton exchange materials, and was also used in conjunction with other 
polymer characterization tools to investigate rapid degradation mechanisms in Nafion®, 
the current state-of-the-art perfluorinated sulfonic acid (PFSA) fuel cell polymer. To 
extend this research further for novel proton exchange membrane development, the 
polymer characterization toolset was used to optimize mechanical and electrochemical 
properties of a polymer blend consisting of polyetherimide (PEI) and sulfonated 




6.1.1. High-Throughput Mass Transport 
HT-MTA was developed based on the variable pressure method for 
simultaneously measuring permeate accumulation in multiple downstream chambers. 
The instrument has been used to determine pseudo steady-state flux and permeability 
values for water pervaporation through standard and modified Nafion® membranes at 
various temperatures, as well as model polymer blends of PVDF and an acrylic, proton-
conducting polyelectrolyte. For standard Nafion® films, the pervaporation flux and 
permeability values were approximately one to two orders of magnitude lower than some 
previously reported values. The reduced transport properties are the result of the 
stagnant downstream conditions in HT-MTA, which differ from standard pervaporation 
techniques that use convective sweep gas or evacuation with liquid nitrogen trapping. 
Still, Arrhenius trends for flux and permeability were observed with respect to 
pervaporation temperature and the respective activation energies were obtained for 
water transport through Nafion®. Based on the activation energy for permeability, which 
was positive, unlike some reported pervaporation values, the HT-MTA provides results 
that may be more comparable to standard liquid permeation experiments which also 
show a positive correlation between temperature and permeability due to downstream 
permeate accumulation. 
HT-MTA was used to determine the water transport effects of cationic 
substitution and rapid degradation of Nafion® membranes. Cationic substitution with 
hydrocarbon-based salts caused an expected reduction in water transport properties due 
to the blockage of sulfonic acid groups with hydrophobic groups. Flux and permeability 
increased slightly as result of rapid free radical Nafion® degradation, most likely due 
polymer chain scissions and chain unzipping that can remove repeat units, decrease 
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chain entanglements, and increase chain mobility. The HT-MTA also detected changes 
in transport properties due to increasing the polyelectrolyte (PE) content in semi-
interpenetrating networks based on commercially available polyvinylidene fluoride 
resins. Both water flux and permeability were maximized in the range of 40 – 55 wt% 
PE, consistent with a previous study showing optimal proton conductivities for the same 
polymer system over the same concentration range. 
6.1.2. High-Throughput Characterization of Nafion® Degradation 
HT-MTA was incorporated into the PEM characterization toolset used to 
investigate the rapid free radical degradation of Nafion® membranes with aqueous 
solutions of hydrogen peroxide and iron(II) sulfate at various concentrations. In general, 
the higher hydrogen peroxide concentration resulted in degraded samples with higher 
fluoride loss, lower ionic conductivity, and lower mechanical stability than the original 
polymer due to severe morphological changes. For films exposed to the more dilute 
hydrogen peroxide concentration, proton conductivities increased, and for some 
concentrations of Fe2+, mechanical properties were higher than the original polymer. 
These improvements have been attributed to increased polymer chain mobility under 
mild chain degradation where membrane integrity was preserved. Water transport 
characteristics of degraded films, among other properties, showed that the negative 
effects of free radical degradation were maximized at a Fe2+ concentration of 50 ppm, 
most likely due to a balance between the rate of free radical generation and 
neutralization. 
Chain unzipping, chain scission, and side-group attack were all evaluated as 
possible pathways for free radical degradation in Nafion® films. Both the chemical and 
performance properties of aged films suggest that the dominating pathway is initially 
polymer chain scission, but changes to complete chain unzipping at later times as a 
result of the availability of free radicals from hydrogen peroxide. Therefore, future 
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correlations of rapid ex-situ PEM degradation experiments with real-time in-situ lifetime 
tests may rely on mainly on tuning ex-situ hydrogen peroxide concentrations to control 
membrane degradation mechanisms that are consistent with long-term in situ 
experiements. 
6.1.3. Optimization the Functionality of Sulfonated Polymer Blends 
To work toward developing novel PEM materials while using our polymer 
characterization toolset to efficiently screen for optimal performance properties, a range 
of blended membranes of PEI and S-PEI with various composition ratios were prepared. 
S-PEI was created using a simple post sulfonation reaction where the base polymer was 
exposed to trimethylsilyl chlorosulfonate (TMSCS) under mild conditions to obtain a 
degree of sulfonation of 96% with minimal side reactions. As expected, the mechanical 
properties of the blends decreased and water uptake increased with S-PEI content. 
However, these properties all stabilized at an S-PEI/PEI ratio of 3:7, indicating the 
existence of a saturation limit for the two polymers despite structural similarities. 
Scanning electron microscopy identified micron-sized phase separation with poor 
interfacial adhesion even at an S-PEI/PEI ratio of 1:9. Due to the lack of S-PEI phase 
continuity, water uptake was limited overall and proton transport in all blends was two 
orders of magnitude lower than Nafion® films. Despite the poor performance properties 
of the S-PEI/PEI blends, the polymer characterization toolset was used to find optimal 
performance properties between 20 and 30 % S-PEI by dry mass. Annealing of the 
polymer blends resulted in significantly improved interfacial adhesion between the 
polymer phases, and for films with low S-PEI contents, also resulted in mechanical 
properties that surpassed those of pure annealed PEI films. However, due to the high 
annealing temperature needed for polymer chain reorganization, desulfonation took 




6.2. RECOMMENDATIONS FOR FUTURE STUDY 
6.2.1. HT-MTA Functionality 
Although HT-MTA has demonstrated the capability of screening multiple 
membrane samples for mass transport characteristics, there are numerous opportunities 
for improving the functionality of this instrument. A major addition that should be 
considered for future implementation is an array of well-sealed downstream pneumatic 
valves to control permeate accumulation during pervaporation experiments. When the 
valves are open to oven conditions, evacuation could be used to establish zero 
downstream partial permeate pressure at the start of experiments, thereby allowing for 
rapid steady-state flux and permeability calculations since the equilibrium pressure 
driving force could be approximated as the permeate saturation pressure. A valve 
system would also allow for quick experimental repetition and easy temperature ramping 
experiments since the retention mechanism could then be left in place while removing 
accumulated permeate from downstream chambers. The use of pneumatic valves (LFVA 
Series from The LEE Company) was initially investigated for the HT-MTA. However, 
based on the dimensions of the downstream chambers and the sensitivity of the 
pressure transducers, the rate of downstream gas leakage became significant compared 
to the flux rates of water through Nafion® films over the experimental timeframe. 
Therefore, alternative valve devices should be considered or the dimensions of HT-MTA, 
i.e., exposed transport surface areas and permeate chamber volumes, will need to be 
increased to reduce the sensitivity of the system to the small pressure changes caused 
by valve leakage. 
Another improvement to HT-MTA that should be considered is the relocation of 
system electronics, i.e. pressure transducers and wiring, outside of the vacuum oven. 
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This would to allow for a broader temperature range for mass transport experiments and 
also for faster post-drying to remove permeate from the system. The current 
configuration with electronics in the oven allows for temperatures up to ~60 °C. If 
temperature sensitive components could be placed in a well insulated compartment 
outside of the oven, then the experimental temperature range could be expanded 
beyond 80 °C, which would be highly relevant to fuel cell operating conditions. 
6.2.2. Future HT-MTA Experiments 
Future testing with HT-MTA should include methanol pervaporation as well O2 
permeation to better assess the fuel cell performance capabilities of PEM materials. 
Methanol fuel crossover is major concern for Nafion® membranes [1], and while 
accelerated degradation testing may not lead to liquid breakthrough, as shown in this 
work, gas crossover could be significantly affected by chain scissions and chain 
unzipping that affect membrane morphologies [2, 3]. In addition, water vapor permeation 
and the effect of water on the mass transport of other permeates through PEMs are also 
important to characterizing fuel cell performance [4-6]. Therefore, the system’s 
compatibility with humidified and possibly pressurized upstream gases should be 
considered. 
6.2.3. Detailed Free-Radical Degradation Characterization 
The characterization toolset provided an efficient strategy for screening the 
performance properties of rapidly aged Nafion®, but could only be used to infer possible 
free radical degradation pathways. For this reason, other characterization methods 
should be incorporated into the toolset for conducting detailed analyses of free radical 
degradation in PEMs. Residual gas mass spectroscopy or gas chromatography would 
allow for the determination of CO2 released from samples during the decomposition 
process [7]. In addition to ion chromatography, nuclear magnetic resonance (NMR) 
could be used to identify organic fragments in reactant solutions. This analysis method 
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has proven to be highly effective in previous PFSA degradation studies [8, 9]. For a 
better direct analysis of rapidly aged films, solid state NMR and X-ray photoelectron 
spectroscopy (XPS) could provide more sensitive alternatives to FTIR in determining 
chemical changes [9-11]. Sold state NMR could also prove to be useful in characterizing 
changes in polymer chain mobility since individual relaxation times obtained from 
resolved carbon resonances can provide information on the local mobility [12]. 
6.2.4. TMSCS Sulfonation 
Using TMSCS for electrophilic aromatic substitution provided a simple post-
sulfonation strategy for modifying PEI resin. Although the reaction conditions were mild 
and numerous studies have shown this reaction to minimize side reactions [13], the 
resulting mechanical stability of pure S-PEI films suggests that significant chain cleavage 
may have occurred during sulfonation process. Since PEI is not soluble in most common 
gel permeation chromatography eluents, and different chain conformations of PEI and S-
PEI may produce misleading viscosity measurements, alternative methods for assessing 
sulfonation chain cleavage are needed. One approach would be to use solid state NMR, 
which was previously suggested for free radical PEM degradation analysis. Another 
approach would be to anneal samples above the desulfonation temperature to remove 
functional groups and then conduct viscosity measurements with a solvent such as n-
methylpyrrolidone. If sulfonation side reactions prove to be significant for polymers such 
as PEI, then a detailed kinetic study of reaction temperature, time, and reactant mole 
ratio should be conducted to optimize the degree of sulfonation with respect to chain-
cleavage. 
6.2.5. Combinatorial Polymer Blend Optimization 
The development of polymer blends using high-throughput characterization tools 
allows for the use of combinatorial techniques to quickly determine the effects of certain 
processing variables. Future work in screening novel polymer blends should focus on 
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developing and using those process gradient techniques that have been shown to 
significantly alter PEM performance, namely, composition, thermal annealing, and 
possibly chemical cross-linking. Composition gradients would allow for efficient 
screening of blend components and determination of blend saturation limits. This 
gradient technique is currently being developed in our lab. Annealing temperature 
gradients would allow for possible improvements in blend compatibility and ionic channel 
arrangement while also providing an efficient method for discovering desulfonation 
temperatures in sulfonated components. This technique has already been developed in 
our lab and has used for screening cell interactions with polymer surfaces [14]. Chemical 
cross-linking can reduce swelling for better PEM water management and enhance the 
mechanical strength of hydrophilic polymers under hydration. However, the reduction of 
water content in PEMs can severely impact the proton conduction capacity of the 
material. Therefore, it is necessary to balance the extent of cross-linking so that water 
stability can be achieved without sacrificing the electrochemical chemical properties of 
the polymer. Since the method used for cross-linking depends on a polymer’s chemistry, 
numerous methods could be developed based on simple low cost designs for controlled 
exposure to cross-linking solutions and UV irradiation with photoinitiator incorporated 
into the polymer blend. Cross-linking gradient techniques such as these have been 
incorporated into numerous combinatorial studies [15-17].  
6.2.6. Enhancement of PEI Mechanical Properties with Annealing 
The study of annealed PEI/S-PEI blends showed very interesting effects on the 
membranes mechanical properties. At low S-PEI concentrations, the force data for 
annealed films went beyond the detection limit of HTMECH, such that the normalized 
maximum force of these films were at least double that of the pure PEI film before and 
after annealing. The sulfonated membrane also seemed to maintain its flexibility and 
transparency after the annealing process, despite desulfonation as result of the high 
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temperature annealing. These results suggest that commercially available high-
performance resins may be further improved by using post sulfonated resin as an 
additive and inducing desulfonation to obtain the chemical properties of the original 
material with superior performance. Although these materials would not be functional as 
PEMs, they could be significantly expanded into a number of applications requiring low-
cast, highly stabile polymers. Thermal gravimetric analysis and differential scanning 
calorimetry are needed to determine if thermal properties were also enhanced as a 
result of desulfonation. Also the relationship between desulfonation and polymer chain 
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